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Abstract
During revision total knee arthroplasty (rTKA), proximal tibial bone loss is frequently encountered
and can result in a less-stable bone-implant fixation. A 3D printed titanium augment that conforms
to the irregular shape of the proximal tibia was recently developed. The purpose of this study was
to evaluate the fixation stability of rTKA with this augment in comparison to conventional
cemented rTKA.
Fixation stability testing was conducted on eleven pairs of thawed fresh-frozen cadaveric tibias (22
tibias) after primary and revision TKA. During the loading protocol, the bone-implant micromotion
was measured using a high-resolution optical system.
There was significantly less micromotion in the experimental rTKA in comparison to the standard
fully cemented rTKA (p= 0.04). The novel 3D printed titanium augment offers better fixation in
rTKA that would be sufficient for bony ingrowth of the augment in vivo.
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Introduction

Overview: This chapter familiarizes the reader with basic concepts that are needed to fully
understand and appreciate this thesis. It goes over degenerative joint disease, knee anatomy,
biomechanics, and joint replacement principles. It also goes over the study rational and an
overview of the thesis.

1.1

Osteoarthritis of the Knee

Osteoarthritis (OA) is the irreversible and progressive degeneration of the articular
surface of joints. It is the most common form of arthritis and a leading cause of chronic
disability in the world. It is characterized by joint pain and stiffness leading to functional
decline and loss of quality of life (F. Xie, Thumboo, & Li, 2007). The hip and knee are amongst
the most symptomatic joints affected by OA (Bierma-Zeinstra & Koes, 2007). The risk of
mobility impairments from knee arthritis is greater than any other medical condition in people
over 65 years old (Guccione et al., 1994). The lifetime risk of developing symptomatic knee
OA is 45%, rising to over 60% in obese individuals (Murphy et al., 2015) with an estimated 43
million people affected in the United States alone. The estimated prevalence of knee OA in
Canada is proportionally similar to the United States with a prevalence of 48.7% of Canadians
65 years and older affected by knee OA (Macdonald, Sanmartin, Langlois, & Marshall, 2014).
Moreover, recent studies are predicting a substantial increase in the incidence of OA secondary
to demographic changes, which will lead to increased socioeconomic and personal burden
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(Egloff, Hügle, & Valderrabano, 2012). Therefore, an understanding of the pathophysiology,
diagnosis and treatment of this disease is required to do further research in this domain in the
hope of decreasing its burden on society.
The pathology behind OA varies and can include focal damage and loss of articular
cartilage, abnormal remodeling, sclerosis of subarticular bone, osteophytes (bone spurs),
ligamentous laxity, weakening of muscles and synovial hyperplasia (Arden & Nevitt, 2006).
Radiographically, it is described as joint space narrowing, osteophytes, subchondral sclerosis
and the presence of subchondral cysts called geodes. Histologically, it is depicted by early
fragmentation of the joint surface, cloning of chondrocytes, variable crystal deposition,
remodeling and eventually violation of the chondral surface by blood vessels (Pereira, Ramos,
& Branco, 2015).

Joint space
narrowing

Osteophyte

Figure 1.1. Radiographic representation of knee OA.
The etiology of OA is fairly complex and multi-factorial. OA is thought to be secondary
to structural, mechanical and biological processes.

It may evolve as a consequence of

intraarticular fractures, ligament lesions, systemic diseases like rheumatoid arthritis and
2

haemophilia, post infectious arthritis, osteochondritis dissicans or anatomic abnormalities
(Egloff et al., 2012). Normal adult articular cartilage is made up of extracellular matrix (water,
collagen, proteoglycans) and chondrocytes (Goldring & Marcu, 2009). Chondrocytes mediate
the turnover of the extracellular matrix. OA is a consequence of chondrocytes failing to
maintain homeostasis between the synthesis and degradation of these extracellular matrix
components (Man & Mologhianu, 2014). Chondrocytes are influenced by a number of chemical
and physical stimuli. Therefore, any stimuli causing disruption of chondrocyte activity can
cause or accelerate the rate of osteoarthritis. Blasioli et al. described the OA disease
perpetuation catabolic cycle. First, pro-inflammatory cytokines (IL-1, IL-6, TNF-alpha) are
released secondary to an intraarticular insult. Second, pro-inflammatory cytokines bind to
chondrocyte receptors leading to release of degradative enzymes (metalloproteinases) and
inhibition of chondrocyte activity resulting in decrease collagen production and increase in
extracellular matrix degeneration. Third, matrix fragments are engulfed by macrophages that
release further pro-inflammatory cytokines. This creates a vicious cycle resulting in cartilage
degradation. (Blasioli & Kaplan, 2014).
The risk factors for OA may vary for different joints. Twin studies have established that
OA is largely determined by genetic predisposition and newer studies have yielded the
discovery of genes containing OA-associated variants (Loughlin, 2005). Nevertheless, age is
the strongest predictor of OA progression and development. OA affects mostly the middle-aged
and older population demographic. Prior to the age of 40, the incidence is lower and occurs
mostly secondary to trauma (Arden & Nevitt, 2006). The physiologic changes seen with aging
makes the joint vulnerable to joint damage and degradation. Histologic studies have shown agerelated decrease in chondrocytes’ ability to maintain and repair tissue; decrease in mitotic and
synthetic activity (Abramson & Attur, 2009). With age, the water content of cartilage increases
and the proteoglycan content decreases. This weakens the collagen network and makes cartilage
prone to degradation. Other risk factors that have been identified and include obesity, female
sex, high intensity sporting activities, menopause, occupational risk factors such as repetitive
joint loading and knee bending and joint incongruity (ie dysplasia) or malalignment (BiermaZeinstra & Koes, 2007).
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The diagnosis of symptomatic OA is made when both clinical and radiographic
evidence of OA are present. Nevertheless, there is discordance between knee pain and the
radiographic severity of OA. Radiographic knee OA is an imprecise guide to the likelihood of
knee pain and therefore should not be used in isolation when assessing and treating patients
with knee OA (Bedson & Croft, 2008).
After diagnosing symptomatic OA, the first step in treating it is to educate the patient
about modifiable risk factors that can be changed in order to slow down the progression of OA.
The Osteoarthritis Research Society International (OARSI) (Zhang et al., 2010) and the
American Academy of Orthopaedic Surgery (AAOS) (Jevsevar, 2013) summarized the
treatment strategies for hip and knee OA in their evidence-based guidelines. The goal of
treatment is to reduce pain, improve function and quality of life. The AAOS treatment
recommendations with strength of recommendations (SOR) are summarized below:
•

Recommended:
o Self-management programs, strengthening and low-impact aerobic
exercises and neuromuscular education, nonsteroidal anti-inflammatory
drugs (NSAIDs) (oral or topical) and tramadol. (SOR strong)
o Weight loss for patients with symptomatic knee OA and a body mass
index (BMI) > 25 (SOR moderate)

•

Not recommended:
o Acupuncture, glucosamine, chondroitin, Intra-articular injection of
hyaluronic acid (HA)/ viscosupplementation (SOR strong)
o Lateral wedge insoles (SOR moderate)

•

In-conclusive:
o Electrotherapy,

manual

therapy,

valgus-directing

force

brace,

acetaminophen, opioids, intra-articular injection of corticosteroids and
for knee OA, growth factor and platelet rich plasma (PRP) injections in
knee OA

4

Again, there are conflicts between the AAOS and the OARSI guidelines. OARSI
recommends acetaminophen and opioids for effective pain relief of OA. They also mention that
intra-articular injections of corticosteroids are highly effective for pain relief for a four-week
period. A single injection was not effective after 4 weeks and multiple repeated injections
stopped being effective after 2 years. It would nevertheless be appropriate during OA flare-ups
to give a corticosteroid injection to achieve adequate pain relief (Zhang et al., 2010).
Furthermore, while current AAOS guidelines do not recommend it, more recent systematic
reviews have shown that viscosupplementation, also known as intra-articular injections of HA,
may be an effective treatment or adjunct to recommended non-operative treatments of OA. The
concept behind viscosupplementation is that HA is a major component of synovial fluid and
helps facilitate lubrication and shock absorption in joints. In OA, there is a decrease in
molecular weight (MW) of HA leading to a reduction in its viscoelastic properties (Leighton et
al., 2018). By injecting high MW HA into the joint, one would theoretically replenish these
viscoelastic properties.
As for surgical treatments prior to joint replacement, there is evidence that a valgus high
tibial osteotomy reduces pain and improves knee function in patients with medial
compartmental OA of the knee (Brouwer et al., 2005). Conversely, arthroscopic debridement in
knee OA has been shown to have no benefits (Kirkley et al., 2017; I. Wong et al., 2018;
Laupattarakasem, Laopaiboon, Laupattarakasem, & Sumananont, 2008).
Since OA is not reversible, the goal of early treatment is to delay the need for joint
replacement surgery. Joint replacements have a limited implant survivorship and inevitably fail
with time. Therefore, surgery needs to be delayed in order to make sure a joint replacement will
last a patient’s lifetime and thus preventing the need for revision surgery, which is known to
have increased risks, have inferior post-operative outcomes and lower patient satisfaction (J.
Cherian, Bhave, Harwin, & Mont, 2016).
In summary, osteoarthritis poses a substantial burden on society. One in two Canadians
will develop knee OA in their lifetime (Macdonald et al., 2014). OA is associated with
remarkable costs to both the patients and their community. The cost of illness (COI) is defined
as the sum of direct (cost of treatment), indirect (productivity loss) and intangible (patient
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suffering) costs. In Canada, the annual direct cost of OA per patient is $2878. In contrast, the
annual indirect cost of OA per patient is much higher at $9847 (F. Xie et al., 2007). The only
effective treatment that reduces pain and restores function for end-stage knee OA is total knee
arthroplasty (TKA) (refer to figure 1.2). The high indirect cost of knee OA in Canada reflects
the population’s impaired ability to work or engage in usual activities secondary to OA. This
might be a result of long waiting lists and delayed access to TKA in Canada. With the expected
substantial increase in both the prevalence and incidence of OA secondary to the aging
population, the increase in life expectancy, as well as the increased rate of obesity, it is
imperative that we continue to improve the treatments of OA such as total knee arthroplasty.

Figure 1.2. X-ray of a total knee replacement.

1.2

Anatomy and Biomechanics of the Knee
The knee is the largest synovial joint in the human body. It is considered a

trochoginglymos, meaning a gliding hinge joint (Hirschmann & Müller, 2015). Its main roles
are to allow locomotion with minimum energy requirements and transmit, absorb and
6

redistribute forces experienced during activities of daily living (Masouros, Bull, & Amis, 2010).
It comprises of two distinctly separate joints. First, it contains the articulation between the
femur and tibia called the tibiofemoral joint (refer to figure 1.4), which is weight bearing.
Second, the articulation between the patella and femur, called the patellofemoral joint, allows
for the pull of the quadriceps to be anterior to the femur during knee extension. It is referred as
the extensor mechanism and serves as a lever arm making knee extension more
biomechanically efficient (refer to figure 1.3). The articular surface of the knee is covered with
hyaline cartilage. In the orthopaedic literature, the knee is subdivided into three compartments
in order to describe what parts of the knee are affected by osteoarthritis. The compartments
include the patellofemoral joint, the medial part of the tibiofemoral joint (medial compartment)
as well as the lateral part of the tibiofemoral joint (lateral compartment).

Qu

ad
ric
ep

s

Extensor lever arm

Patellar tendon

Center of rotation
of the Knee (“J”)

Figure 1.3. Extensor lever arm created by the extensor mechanism (patellar tendon,
patellar and quadriceps tendon/muscle). “J” shaped curve of the center of rotation of the
knee. Original drawing by author.
7

The overall stability of the knee is a result of the static stability created by the geometry
and anatomy of the joint surface, the active stability produced by muscle contraction as well as
the passive stability from the ligaments, menisci, capsule and retinacula (Masouros et al., 2010).
The four major ligaments of the knee are the two collateral ligaments present on each
side of the knee called the medial (tibial) collateral ligament (MCL) and the lateral (fibular)
collateral ligament (LCL) as well as the two cruciate ligaments, the anterior cruciate ligament
(ACL) and the posterior cruciate ligament (PCL) found in the central inter-condylar notch (refer
to figure 1.3). The LCL attaches to the lateral femoral epicondyle and the fibular head. The
LCL is tight in extension and loose in flexion. It is a dynamized ligament meaning that the
contraction of the biceps femoris muscle actively tightens the LCL for additional stability
(Hirschmann & Müller, 2015). The MCL attaches to the medial femoral epicondyle and to the
medial surface of the proximal tibia behind the pes anserinus (Drake, Vogl, & Mitchell, 2015).
The MCL is tight in extension and external rotation, and loose in flexion and internal rotation.
The collateral ligaments resist rotation, and valgus and varus stresses keeping the knee aligned
in the coronal plane. The joint capsule is made up of an external fibrous layer and an internal
synovial layer that covers the joint and serves as a barrier to keep the synovial fluid inside and
everything else outside. It also contributes to passive stability of the joint such as valgus and
varus stability.
The term “cruciate” means “shape of a cross” in latin; and describes the anatomy of the
ACL and PCL, which cross in the middle of the knee. The ACL originates from the
posteromedial corner of the lateral femoral condyle in the intercondylar notch and inserts into
the medial tibial eminence just lateral to the anterior horn of the medial meniscus. The ACL
prevents excessive anterior translation and rotation of the tibia relative to the femur.
Furthermore, the ACL is composed of the anteromedial bundle, which is tight in flexion and the
posterolateral bundle that is tight in extension. The PCL originates from the anterolateral aspect
of the medial femoral condyle and inserts posteriorly and inferiorly to the posterior aspect of
the tibial plateau (extra-articular). The PCL restrains the knee by limiting posterior translation
of the tibia relative to the femur. The PCL’s anterolateral bundle is tight in flexion and its
posteromedial bundle is tight in extension.
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Femur
Patellofemoral joint
Patella

Tibiofemoral joint

Tibia

Fibula

Figure 1.4. Anatomy of the knee. Image obtained from: Drake, R., Vogle, A., Mitchell, A.
(2015). Gray’s Anatomy for Students, 3rd Edition. (Copyright approval license number:
4396780051808)

Dynamic stability is achieved with 4 main muscle groups: the quadriceps, the hamstring,
the adductors (gracilis) and the gastrocnemius. Furthermore, the popliteus is another muscle
contributing to knee stability and is considered both a dynamic and passive stabilizer. It
dynamically stabilizes the lateral knee compartment and its three tendon arms act as a static or
passive stabilizer to external rotation (Hirschmann & Müller, 2015). Similarly, the iliotibial
tract (IT band) is also a dynamic and passive stabilizer of the lateral knee compartment. It
originates as a thickening of the lateral aspect of the tensor fascia latae that attaches to the iliac
crest and inserts into the Gerdy’s tubercle. It is an anterolateral stabilizer of the knee joint.
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Two fibrocartilagenous menisci in the shape of crescenteric pads, which lie on top of the
tibial plateau, serve as shock absorbers and accommodate the shape of the articular surface of
the femoral condyles. During articular movement of the tibiofemoral joint, the menisci make
the joint more congruent. Both menisci are fixed to the joint capsule peripherally and the
anterior/posterior roots are fixed to the tibial plateau. The anterior roots are connected by the
transverse ligament. The medial meniscus is also connected to the medial collateral ligament
and the posterior oblique ligament. The menisci move with the femoral condyles during knee
flexion and extension. The lateral meniscus is more mobile than the medial meniscus based on
the larger posterior translation of the lateral condyle during knee flexion. The posterior horn of
the lateral meniscus is attached to the distal femur by the anterior meniscofemoral ligament
(AMFL or ligament of Humphrey) and the posterior meniscofemoral ligament (PMFL or
ligament of Wrisberg).

1.2.1

Anatomy of proximal tibia
The tibia is the medial and larger of the two bones in the lower leg. The structure of the

tibia is made up of cancellous bone inside and cortical bone outside. The cancellous bone called
the subchondral bone is strongest cancellous bone and is located under the chondral surface of
the tibia. Its proximal end expands into two condyles called the medial and lateral tibial plateau.
The two tibial plateaus overhang the shaft and are separated by an intercondylar region that
contains tibial eminences that are sites of attachment of the cruciate ligaments and the menisci.
The medial condyle is larger than the lateral condyle. The medial tibial plateau is concave, oval
and lies on top of the the tibial shaft in comparison to the lateral plateau that is circular, more
convex and overhangs laterally in relation to the tibial shaft. The tibial tubercle is an apophysis
located on the anterior aspect of the tibia below the joint line and serves as an attachment for
the patellar ligament or tendon, which is a continuation of the quadriceps tendon below the
patella. The shaft of the tibia is triangular (cross section) with the anterior border being the tip
of the triangle. The proximal tibia also articulates with the proximal fibula forming the
proximal tibiofibular joint (refer to figure 1.3).
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Knee joint kinematics and alignment

1.2.2

Knee joint kinematics is fairly complex. The tibiofemoral joint is simplified as a hingelike joint that permits motion in the sagittal plane; however, it actually has 6 degrees of freedom
described as 3 translations and 3 rotations. Translational movement of the tibia relative to the
femur is possible in medial-lateral and anterior-posterior directions as well as by compression
and distraction. Rotational movement of the tibia relative to the femur are achieved in the
coronal (abduction/adduction), sagittal (flexion/extension) and vertical axes (refer to figure 1.5)
(Mihalko, 2013).

3 Translations

1.3.1

3 Rotations

Figure 1.5. Six degrees of freedom of the knee joint. Image modified from original obtained
from: Drake, R., Vogle, A., Mitchell, A. (2015). Gray’s Anatomy for Students, 3rd Edition.
(Copyright approval license number: 4396780051808)

1.2.2.1

Knee kinematics, femoral rollback and the screw home
mechanism

The kinematics of the knee is sometimes described as tibial or femoral motion relative
to the other. This depends on whether the knee is fixed due to weight bearing or free to move.
11

For simplicity’s sake, we will always refer to knee kinematics in a weight-bearing scenario and
will therefore be referring to femoral motion relative to the tibia. At full extension, the femur is
internally rotated with respect to the tibia and is located anterior to the mid-point of the tibial
plateau (Zingde & Slamin, 2017). As the knee flexes, both the lateral and medial femoral
condyles translate posteriorly. This is called “femoral rollback” and is created partly by the
action of the PCL. Femoral rollback moves the center of rotation of the femur posteriorly and
allows for increased knee flexion. The center of rotation of the femur persistently moves during
knee flexion secondary to the ellipsoidal shape of the femoral condyle and the translation/
rotation of the condyles during knee flexion. The movement of the centre of rotation of the
femur is described as a “J” shaped centre of rotation (refer to figure 1.3). Moreover, the
longitudinal axis of rotation of the knee is based in the medial compartment; therefore, the
medial compartment has much less movement (translation) than the lateral compartment
resulting in femoral external rotation during knee flexion. Previous cadaveric and in-vivo
studies have determined that the lateral femoral condyle rolls back an average of 21 mm during
knee flexion while the medial femoral condyle rolls back only 1.9 mm (Zingde & Slamin,
2017). Therefore, this results in an axial rotation of approximately 21 degrees from full
extension to full flexion of the knee (Zingde & Slamin, 2017). As the knee goes into full
extension, the femur experiences internal rotation, which tightens up all associated ligaments
and locks the knee in extension. This is referred as the “screw-home mechanism” and is
particularly important during standing and prior to heel strike during gait (Masouros et al.,
2010).

1.2.2.2

Locking mechanism

As mentioned, the knee has a locking mechanism in extension. This facilitates
prolonged standing and conserves energy. When the knee is fully extended, the body’s center of
gravity is located anterior to the knee joint; therefore, acting to keep the knee extended. The
popliteus muscle unlocks the knee by initiating flexion and external rotation of the femur on the
tibia transferring the center of gravity posterior to the knee joint (Drake et al., 2015).
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1.2.2.3

Functional range of motion

Studies of the knee have defined functional ranges of motion (ROM) at the knee needed
for activities of daily living. Normal gait requires 67 degrees of knee flexion during the swing
phase, 83 degrees for stair climbing, 90 degrees for going down stairs, and 93 degrees to rise
from a chair. Sitting or standing from a standard toilet required 115 degrees and more then 115
degrees is needed for advanced functions such as gardening (Mihalko, 2013).

1.2.2.4

Alignment of the knee

The alignment of the knee is assessed with the help of 3 axes. The vertical axis is a
straight vertical line that extends distally from the center of the pubic symphysis. The
mechanical axis of the lower extremities, also known as the load-bearing axis (Iseki et al.,
2009), is determined by drawing a line from the center of the femoral head to the centre of the
ankle joint. There is a 3 degree difference between the vertical axis and the mechanical axis. It
can be further subdivided into the mechanical axis of the femur (MAF) that is drawn from the
centre of the femoral head to the intercondylar notch of the distal femur as well as the
mechanical axis of the tibia (MAT), which is illustrated in figure 1.6 as a line from the centre of
the proximal tibia to the centre of the ankle. The anatomic axis (AA) is the axis defined by the
longitudinal axis of the intramedullary canals of the femur and tibia. There is a 5-7 degree
difference between the anatomic axis of the femur (AAF) and the MAF. The anatomic axis of
the tibia (AAT) and the MAT are usually fairly similar.
The medial angle formed by the MAF and the MAT is called the hip-knee-ankle angle
(HKA). A negative HKA represents a varus and a positive HKA represents a valgus alignment.
In normal knees, HKA is neutral and close to 180 degrees. Another way to assess alignment is
the mechanical axis deviation (MAD) defined as the distance between the load-bearing axis and
the centre of the knee where medial and lateral MADs are referred as varus and valgus
alignment (J. J. Cherian et al., 2014).
Moreover, a study by Bellmans et al. noted that 32% of men and 17% of women had
constitutional varus knees with a natural mechanical alignment of 3 degrees of varus or more
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(Bellemans, Colyn, Vandenneucker, & Victor, 2012). Constitutional varus knees predisposes
people to have arthritic knees with medial compartment wear, which progressively worsens
their varus alignment (Vandekerckhove et al., 2017). Nevertheless, normal neutral knees have
approximately 1 degree of varus (neutral alignment is considered to be between -3 degrees and
+3 degrees). Constitutional varus is defined as having a HKA angle of 3 degrees or more of
varus angulation and a constitutional valgus as having a HKA angle of 3 degrees or more of
valgus angulation (Bellemans et al., 2012). Furthermore, note that the normal joint line is
naturally in 3 degrees of varus so that when the leg is positioned under the centre of mass, the
joint line is parallel to the ground. Therefore, it is not surprising that the proximal tibia has 3
degrees of varus (refer to figure 1.6).
Vertical Axis

Mechanical Axis
Anatomic Axis

6°

3°

Lateral Distal Femoral
Angle (LDFA)

81°
Transverse Axis

87°

3°

Medial Proximal
Tibial Angle (MPTA)

Figure 1.6. Mechanical, anatomic and vertical axis of the lower extremity. Mechanical
Axis of Femur (MAF); Mechanical Axis of Tibia (MAT). Image modified from original
obtained from: Drake, R., Vogle, A., Mitchell, A. (2015). Gray’s Anatomy for Students, 3rd
Edition. (Copyright approval license number: 4396780051808)
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As for the sagittal alignment of the knee, both the posterior tibial slope (TS) and the
distal femoral flexion angle (DFF) need to be considered. The tibial slope is defined as the
angle between the proximal anatomic axis of the tibia and the tibial plateau in the sagittal plane
(Helmy, Dao Trong, & Kühnel, 2014). Helmy et al. examined 113 knees and measured a tibial
slope of 4.62 degrees +/- 2.76 with a range of -9 degrees to 10.5 degrees. The distal femoral
flexion angle (DFF) is the distal femoral sagittal alignment in relation to the sagittal mechanical
axis of the femur. A study by Hood et al. of nearly 2500 femurs found that the distal femoral
flexion angle, was 2.90 degrees +/- 2 degrees (Hood et al., 2017).

1.2.2.5

The gait cycle

Bipedal walking is a repetition of a gait cycle that consists of 2 phases: the stance phase
and the swing phase. The stance phase accounts for 60% of the gait cycle while the swing
phase is 40% of the cycle. First, the stance phase starts off with heel strike, the initial contact
where the foot touches the ground, and establishes double support (two feet on the ground). The
ankle moves from neutral position to plantar flexion with an eccentric contraction of the tibialis
anterior. Second, the flat foot or loading response phase starts as the body absorbs the impact of
the foot by rolling in pronation. The knee flexes and the hip extends with the help of the
adductor magnus (adductor moment) and gluteus maximus. Third, in the midstance phase, the
knee reaches maximum flexion, the ankle dorsiflexes and supinates, with a single leg support.
Fourth, heel off begins as the heel leaves the floor and the ankle plantar flexes and supinates.
Then, toe off marks the beginning of the swing phase as the foot leaves the ground. During the
swing phase, the knee flexes initially to clear the ground and goes into locked extension in the
late swing in preparation for heel strike (Kharb, Saini, Jain, & Dhiman, 2011). During the gait
cycle, the knee joint experiences dynamic loading conditions that affect both the tibiofemoral
and patellofemoral joints.
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1.2.2.6

Knee joint loading

One of the main functions of the knee joint is to transmit load. Three types of forces are
present during joint loading: functional loads (gravity, inertia, ground-reaction forces and other
external forces), muscle forces and joint forces (Eskandari, 1993). The ground-reaction force,
that is part of the functional load, is defined as the force exerted against the foot during weightbearing activities. As with all forces, it has a vector and creates a moment around the knee.
When the functional load is applied, there is a muscle force produced to counter the applied
force. The sum of these forces produces the joint-reaction forces, which is mainly composed of
the joint-contact force and also includes forces in the soft tissues surrounding the joint (ie.
ligaments, menisci, capsule). In order to counter the functional load’s moment and achieve a
desired movement, muscles have to create an antagonistic moment. The muscles have set
anatomic origins and insertions and therefore have a set moment arm about a joint. The muscle
force that is required to create an equivalent moment about the knee is usually much greater
than the force exerted by the functional load due to the much smaller moment arm and
biomechanical disadvantage of the muscle. Therefore, the muscle force is several times larger
than the functional load and thus creates a substantial joint-contact force. The tibiofemoral
joint-contact forces are 3.4 body weight (BW) when walking, 4.3 BW when going up stairs, and
8.5 BW when walking downhill. Not to mention the patellofemoral joint that also sustains
incredible stresses that are both compressive and laterally oriented. These are defined by the
amount of knee flexion and the Quadriceps- angle or Q-angle, the angle between the line of
action of the patellar tendon (line from the patella to the tibial tubercle) and the line of action of
the quadriceps muscle (line from the anterior superior iliac spine to the patella).
Furthermore, the medial compartment of the knee sustains 60-70% of the load (Egloff et
al., 2012). This can be explained with a number of factors. First, the neutral knee is in slight
varus meaning that load bearing will occur slightly medial. Second, hip adduction is needed to
position the foot of the load bearing leg under the BW during the stance phase of gait and
therefore creates an adductor moment compressing the medial compartment. Note that people
that are more obese and/or older tend to walk slower and have a longer stance phase, which
increases their total time weight bearing on the medial compartment (Egloff et al., 2012). This
might be a factor contributing to accelerated OA in these populations. Third, because the
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mechanical axis is 3 degrees from the vertical axis, the ground-reaction force is medial and
contributes to compressive stress of the medial compartment.

1.3

Total Knee Arthroplasty
A total knee replacement or arthroplasty (TKA) is the removal and replacement of the

entire articular cartilage of the knee. It is an effective treatment of end stage osteoarthritis,
where the damage imposed by the degenerative disease is irreversible and replacement of the
joint is needed. A TKA has 4 components: the femoral component, the tibial component, the
polyethylene insert and the patella component (refer to figure 1.7).

Figure 1.7. Components and bone cuts of a total knee arthroplasty. Reproduced with
permission from (Leopold, 2009), Copyright Massachusetts Medical Society.

17

1.3.1

Description of procedure
The goal of TKA is to replicate the mechanical axis of the lower extremity by obtaining

a neutral mechanical axis; thus, ensuring stability and durability of the implant by allowing for
even distribution of joint stresses (J. J. Cherian et al., 2014). Historically, there were 2
alignment strategies to replicate the mechanical axis. The classical or mechanical alignment
method (MaM) developed by John Insall and the anatomic alignment method (AaM) developed
by Hungerford and Krackow. During the MaM, the distal femoral cut is made perpendicular to
the mechanical axis of the femur and the proximal tibial cut is made perpendicular to the
mechanical axis of the tibia; thus, insuring a neutral mechanical axis (Hungerford & Krackow,
1985; Insall, Hood, Flawn, & Sullivan, 1983). The distal femoral cut will be about 6 degrees in
valgus relative to the AAF. The proximal tibial cut will be perpendicular to the AAT.
Moreover, in order for the joint line to be parallel to the transverse axis and the ground, the
load-bearing axis will need to be parallel to the vertical axis (refer to figure 1.8).

18

Vertical Axis

Mechanical Axis

Anatomic Axis

6°

0°

Lateral Distal Femoral
Angle (LDFA)

TKA (femoral and
tibia component)

84°
Transverse Axis

90°

0°
Medial Proximal
Tibial Angle (MPTA)

Figure 1.8. Mechanical, anatomic and joint surface angle after total knee replacement.
Image modified from original obtained from: Drake, R., Vogle, A., Mitchell, A. (2015). Gray’s
Anatomy for Students, 3rd Edition. (Copyright approval license number: 4396780051808)

As for the AaM as well as the kinematic alignment method, the principle is to replicate
the joint line while keeping a neutral mechanical axis. The joint line is naturally 2-3 degrees in
varus relative to the mechanical axis and therefore parallel to the ground since the mechanical
axis is normally 3 degrees from the vertical axis. The tibial cut is made at 2-3 degrees varus to
the mechanical axis (or replicating the exact proximal tibial joint alignment in the kinematic
method) and the femoral cut is made closer to 8-9 degrees valgus to the AAF or 2-3 degrees
valgus to the MAF. In summary, the joint line is parallel to the transverse axis and to the
ground. Nevertheless, both techniques are clinically equivalent and for the purpose of this
study, the mechanical alignment method was used during primary and revision total knee
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replacements since it is more common and is considered the gold standard. Intraoperatively, the
goal is to get a neutral mechanical axis +/- 3 degrees since the literature has shown that the
restoration of a neutral mechanical axis in TKA has superior long-term results, better
mechanical wear patterns, and lower failure rates (Helmy et al., 2014)(Ritter et al., 2011).
Furthermore, the orthopaedic surgeon also needs to be conscious of sagittal alignment
when making the bony cuts and inserting the implants. The femoral component should be
placed in 0 to 3 degrees of flexion relative to the sagittal mechanical axis (Hood et al., 2017).
During the proximal tibia cut, the tibial slope is usually set at 0 degrees or 3 degrees as per the
manufacturer’s suggested proximal tibial cut. However, there is no consensus in the literature,
on the optimal posterior tibial slope in patients undergoing TKA. Ahmad et al. suggest trying to
reproduce the native tibial slope in every patient and avoiding placing the implant in more then
8 degrees of posterior tibial slope as there is evidence to suggest that this may lead to anterior
tibial subluxation and increased polyethylene wear (Ahmad, Patel, Mandalia, & Toms, 2016).

Transepicondylar axis
Posterior
Condylar Axis

3°

Figure 1.9. Posterior condylar axis (red), posterior femoral cut (orange) and proximal
tibial cut (blue). This creates a box cut during total knee arthroplasty resulting in 3 degrees of
external rotation prior to the insertion of the femoral implant. Original drawing by author.
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Lastly, the MaM also describes making a posterior femur bone cut parallel to the tibial
cut (refer to figure 1.9). The cut will be in 3 degrees of external rotation to the posterior
condylar axis (refer to figure 1.9). Another way of describing it would be to make the cut
parallel to the transepicondylar axis (TEA) (Mihalko, 2013). This creates a boxed gap and
simplifies the mechanics of the implant’s flexion and extension.

1.3.2

Implantation Techniques
There are two methods to achieve implant fixation at the bone-implant interface.

Implant fixation can be achieved through cementless fixation or cement fixation. The choice of
fixation method is dependent of implant design, patient factors and surgeon preference (Bauer
& Schils, 1999; Hosein, 2013; J. B. Park, 1992).
Cementless fixation, also known as biologic fixation, is the process by which metal
becomes permanently incorporated into bone. It was termed “osseointegration” by Branemark
in the 1950s. Osseointegration is defined as a direct structural and functional connection
between ordered living bone and the surface of load-carrying implants resulting in no relative
movement between the implant and the bone (Brånemark, Brånemark, Rydevik, & Myers,
2001). Initially, the implant achieves fixation stability through press-fit fixation. With time, the
bone will grow into the implant allowing for a long-lasting fixation. Therefore, it is to no
surprise that studies have found that most of the migration or loosening of the implants arise
during the initial 3 months after surgery (Nilsson, Kärrholm, Carlsson, & Dalén, 1999). In order
to achieve bony ingrowth, the press fit fixation achieved by the implant must yield less than 50
μm of micromotion (Udofia, Liu, Jin, Roberts, & Grigoris, 2007). The porous surface needed to
ensure biologic bony anchoring has also been explored and the optimal surface roughness and
pore size was determined as 600 μm (Taniguchi et al., 2016). Furthermore, the application of
bioactive coatings has been used to optimize biologic fixation. Bioactive coatings such as
hydroxyapatite (HA) is used for its osteoconductive properties in order to enhance bony
ingrowth (W. S. Khan, Rayan, Dhinsa, & Marsh, 2012)(Nilsson et al., 1999).
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Orthopaedic bone cement or polymethylmethacrylate (PMMA) is also used to secure the
implants to the bone. Dr. John Charnley introduced it during the development of total hip
replacements. It is considered a grouting material. It does not adhere the implant to bone, but
instead enters the space between the bone and implant and thus creates a physical connection
between the implant and bone. In TKA, the cement penetrates the bone and conforms to the
shape of the implant and the bone creating a custom prosthetic fit (Hosein, 2013). Bone cement
creates two interfaces called the cement/bone and cement/implant interface; both of which can
fail and cause the loss of implant fixation.
In the literature, the majority of revisions of primary total knee replacements, of both
cemented and uncemented components, were for proximal tibial implant loosening (Gandhi,
Tsvetkov, Davey, & Mahomed, 2009). Five year survival rates for cemented and cementless
techiques of implant fixation are equivalent (Nilsson et al., 1999). Ghandi et al. published a
meta-analysis of the survival and clinical function of cemented and uncemented TKA. The
randomized control trials (RCT) comparing the odds of implant survival in cemented and
cementless fixation showed no difference. The radiostereometric analysis (RSA) studies found
that uncemented TKA sustained greater early migration. The overall combined data found that
cemented prostheses offered better survival than the uncemented. However, this was highly
skewed since uncemented implants were generally used for younger patients, a population with
higher levels of activity, higher demands and known for higher TKA failures (Gandhi et al.,
2009; Julin, Jämsen, Puolakka, Konttinen, & Moilanen, 2010; Tomlinson & Harrison, 2012).
Whether it is cemented or cementless, the long-term success of knee implants depends heavily
on how well it becomes fixed in the first few months after the TKA.
It is believed that the bony integration achieved by cementless implants leads to better
long-term durability and is preferable in high demand patients such as younger or obese patients
(Bagsby et al., 2016; Bauer & Schils, 1999). Cement has been shown to deform and degrade
over the years, and has a weak resistance to tension and shear forces (Gandhi et al., 2009).
Nevertheless, the “gold standard” in primary and revision TKA is still cemented fixation (Bauer
& Schils, 1999).
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1.3.3

Implant Loading
As with the native knee, the TKA implants need to resist a multitude of forces that act

on the knee during activities of daily living. The resultant forces acting on the replaced knee are
a collection of functional loads (gravity, inertia, ground-reaction forces and other external
forces) and forces exerted by muscles and ligaments (Eskandari, 1993). The resultant forces
generate torsion, axial loads (tensile/compressive forces) and transverse shear forces.
Additionally, some total knee replacement designs such as constrained implants pose increased
stresses on the system. Constrained implants such as hinged knees stop the rotational movement
that would occur at the knee joint with torsional forces and transfer them to the bone-implant
interface (Samiezadeh, Bougherara, Abolghasemian, D’Lima, & Backstein, 2018). It is crucial
for the implants to withstand these loads and maintain adequate fixation-stability in order to
have a successful total knee replacement that is functional and durable.

1.4

Revision Total Knee Arthroplasty and 3D Printing
In revision TKA surgery, the failed primary TKA is removed and replaced with a

revision TKA implant. Proximal tibial bone loss is encountered during rTKA because of a
combination of factors. First, it occurs as a result of the mechanism of failure of the pTKA such
as particle-induced osteolysis or proximal tibia stress shielding. Second, iatrogenic bone loss is
also encountered when the primary TKA implant is removed. Managing bone loss is one of the
most challenging aspects of revision TKA surgery (Whittaker, Dharmarajan, & Toms, 2008). In
order to acquire adequate fixation-stability of the revision implant and increase the likelihood of
long-term survivorship, surgeons have tried to maximize implant fixation in three regions of the
proximal tibia: the epiphysis, the metaphysis, and the diaphysis (Morgan-Jones, Oussedik,
Graichen, & Haddad, 2015). Revision implants often have a long stem that engages the tibial
diaphysis and thus create a combination of diaphyseal and epiphyseal fixation. Unfortunately,
the stiff fixation achieved in the diaphysis not only causes end-of-stem pain but also causes
stress shelding and bone loss at the tibial epiphysis and metaphysis (J. J. Cherian et al., 2014;
Dennis et al., 2008). Therefore, recent research has focused on acquiring better metaphyseal
fixation, which has resulted in the development of metaphyseal augments. Nevertheless, the
long-term survivorship of newer metaphyseal augments is unknown. The best option for the
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management of bone loss that can achieve metaphyseal fixation remains unknown. Current
tibial revision metaphyseal augments have non-anatomic shapes that do not conform to the
proximal tibia; thus, limiting their overall fixation and creating point contact forces at the boneimplant interface, which can result in stress shielding (De Martino et al., 2015; Quilez, Seral, &
Pérez, 2017). The management of proximal tibial bone loss during revision TKA surgery will
be discussed in further detail in chapter 5.
There are numerous revision implants available to achieve both metaphyseal fixation
and tibial bone loss substitution. However, none are tapered to the complex irregular shape of
the proximal tibia. With recent advances in technology, additive manufacturing or 3D printing
has become available to surgeons and offers the opportunity to produce anatomic implants. By
having implants that conform to the unique shape of the proximal tibia, a better fit is achieved.
This anatomic fit maximizes the bone-implant contact area, which increases fixation and
decreases stress shielding by evenly distributing the forces to the surrounding bone. Additive
manufacturing and 3D printed titanium implant will be reviewed in chapter 2.

1.5

Study Rationale
Total knee arthroplasty is an effective means of treating end stage knee arthritis (Meftah

et al., 2016). The need for TKA is increasing every year as the population, the incidence of
obesity and the life expectancy continue to rise (Cherian et al., 2016). It is expected that over
the next two decades, the number of TKAs performed annually will exceed 3 million in the
United States alone, a 600% increase from 2005 (J. Cherian et al., 2016). Joint replacements
alone account for more than 25% of all orthopaedic surgeries in Ontario (Bauer & Schils,
1999). Furthermore, given the substantial rise in the number of TKAs, there will be a
concurrent increase in revision surgery (Sheth et al., 2017).
Not to mention, younger patients undergoing primary total joint replacements are
becoming more prevalent due to increasing rates of obesity and the expanded clinical criteria
for eligibility. Younger patients are unfortunately known to be at higher risk of early prosthesis
failure requiring revision TKA (Gandhi et al., 2009; Hosein, 2013; Julin et al., 2010). In
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Sweden, patients aged less than 65 years have twice the risk of revision compared with those
aged more than 75 years (M. Khan, Osman, Green, & Haddad, 2016). The problem is that
revision TKAs have much poorer results than primary TKAs, with survivorship as low as 60%
over shorter periods (J. Cherian et al., 2016). This is a grave issue for younger patients that need
longer lasting revision TKAs in order to stay active, maintain their quality of life and avoid
further surgery.
The most common indication for revision or re-revision surgery after TKA is aseptic
loosening (29.8%) and more specifically proximal tibia loosening (M. Khan et al., 2016;
Tomlinson & Harrison, 2012). Furthermore, during revision TKA (rTKA), proximal tibial bone
loss is frequently encountered. This can complicate revision surgery, and possibly result in a
less-stable bone-implant fixation.
With this in mind, it is vital that improvements in revision TKA be made in order to
increase their longevity and better serve the population in order to prevent multiple revision
surgery that will lead to loss of function and quality of life. This may be realized, in part,
through the use of additive manufacturing or 3D printing. A 3D printed titanium alloy
(Ti6Al4V) revision augment that conforms to the irregular shape of the proximal tibia was
recently developed.
Thus, the overall goal of this thesis was to determine the fixation-stability that this
newly developed 3D printed revision augment could achieve in comparison to the standard of
care fully cemented revision stem.

1.6

Specific Objectives and Hypotheses

The specific objectives of this study were as follows:
1. Review the current literature on 3D printed musculoskeletal metal implants and identify
the advantages and disadvantages associated with the human implantation of these 3D
printed implants.
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2. Describe and compare two micromotion measurement modalities for joint replacement
systems: FARO arm vs. optical system.
3. Determine the magnitude and vector of the micromotion experienced by primary total
knee replacements.
4. Determine the fixation stability of a revision total knee arthroplasty (TKA) using a
novel 3D printed titanium augment compared to a conventional cemented revision.
The corresponding hypothesis were as follows:
1. The quality of the studies related to the implantation of 3D printed musculoskeletal
metal implants will be poor secondary to the novelty of these implants; however, 3D
printed implants will have better surgical outcomes, which reflects their inherent
advantages over conventional subtractive manufacturing.
2. The FARO arm micromotion measurements will be strongly correlated to the optical
system.
3. The micromotion experienced by primary total knee replacements will be greater on the
medial aspect of the bone-implant interface.
4. The novel 3D printed augment will have equivalent or better fixation-stability in
comparison to the conventional fully cemented revision TKA. Sufficient press-fit
fixation of the 3D printed augment shown in the cadaveric model will demonstrate that
bony ingrowth in-vivo would likely occur.

Thesis Overview

1.7

This thesis is written in an integrated article format. Each chapter corresponds to each
objective listed above. Each chapter explains concepts that are necessary to fully understand the
main study in chapter 5 comparing the micromotion of the bone-implant interface of proximal
tibial revision implants using cement filling or the novel 3D printed augment. Chapter 1 went
over the principles of degenerative joint disease and osteoarthritis as well as knee joint anatomy
and kinematics, and the basic concepts related to total knee arthroplasty.
•

Chapter 2 systematically reviews the use of 3D printed musculoskeletal implants. This
chapter outlines the process of 3D printing, the surgical outcomes, the advantages and
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the disadvantages of 3D printed metal implant in human musculoskeletal surgery. The
reader will appreciate how and why the 3D printed augment was created.
•

Chapter 3 compares the FARO arm and the optical tracking system used for measuring
bone-implant interface micromotion. The chapter outlines the accuracy and reliability
of the FARO arm to reproduce the measurements acquired by the optical tracking
system during proximal tibial implant loading. The reader will understand how these
measurement techniques work and how accurate they are at measuring the
micromotion.

•

Chapter 4 describes the micromotion experienced by newly implanted total knee
replacements. The chapter outlines the magnitude and vector of the micromotion
experienced by the primary TKAs. The reader will be aware of the principles behind
primary TKA, the different TKA designs and the epidemiology of failure in primary
TKA.

•

Chapter 5 is the main study of this thesis. The chapter investigates the proximal tibial
component fixation-stability of a revision TKA with a conventional fully cemented
stem in comparison to a novel 3D printed titanium cementless augment. The reader will
also be informed about the different options available for revision TKA when proximal
tibia bone defects are encountered and how they relate to this new 3D printed tibial
augment.

•

Chapter 6 is the concluding chapter of this thesis. It outlines the main findings of the
thesis along with the strengths and limitations of the study. The chapter offers
suggestions for future studies in the area of revision total knee arthroplasty and additive
manufacturing.
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CHAPTER

2

2

Surgical outcomes of 3D printed musculoskeletal metal
implants: A systematic review

Overview: This chapter reviews additive manufacturing or 3D printing of metal implants that
are destined for human musculoskeletal implantation. It goes over the surgical outcomes and
the advantages and disadvantages of 3D printed metal implants. The reader can appreciate the
process needed to create a 3D printed implant as well as the inherent benefits of 3D printed
implants.

2.1

Introduction

Additive manufacturing, also known as three-dimensional printing (3DP), was invented
in the 1980’s (Bauermeister, Zuriarrain, & Newman, 2016). It is a type of manufacturing that
converts 3D images of structures into physical structures from a variety of materials such as
plastic, glass, ceramic and metal. It can produce complex free-form structures that would be
impossible to produce using conventional subtractive manufacturing. In the last decade,
advances in technology have resulted in radical improvements in additive manufacturing. This
has created opportunities for novel applications of this technology in fields such as surgery.

3D printing has been used in manufacturing to produce prototypes and low volume
entities quickly, accurately and cheaply (Cavanaugh, Mounts, & Vaccaro, 2015). In surgery, 3D
models have been created for pre-operative planning and teaching. More recently, 3D printing
has allowed the production of implants suitable for human implantation (Ackland et al., 2017;
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Aranda, Jiménez, Rodríguez, & Varela, 2017; Chen, Xu, Wang, Hao, & Wang, 2015; Fan et al.,
2015; Hamid, Parekh, & Adams, 2016; Hatamleh, Bhamrah, Ryba, Mack, & Huppa, 2016;
Imanishi & Choong, 2015; D. Kim et al., 2017; U. L. Lee, Kwon, Woo, & Choi, 2016; Leiser,
Shilo, & Wolff, 2016; X. Li et al., 2017; Liang, Ji, Zhang, Wang, & Guo, 2017; Mao et al.,
2015). It is important to understand the basic principles of additive manufacturing before truly
comprehending its potential impact on surgical research and practice.

Figure 2.1. Schematic representation of electron beam melting, a type of Metal-based
additive manufacturing (Prabhakar, Sames, Dehoff, & Babu, 2015).

Basic Principles of 3D Printing
3D printing is accomplished in three steps: Acquisition, manipulation and
manufacturing. These three step are termed the “digital workflow” of 3D printing (Barazanchi
et al., 2017). First, medical imaging modalities such as computed tomography (CT) and
magnetic resonance imaging (MRI) are used to acquire 2D data in the form of Digital Imaging
and Communications in Medicine (DICOM). Second, computer-aided design (CAD) software
is used to manipulate the data and produce 3D digital models. The 3D digital model’s
mechanical characteristics can be determined prior to printing using methods such as computer
modelling and finite element analysis. Finally, the 3D models are manufactured in the desired
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material layer by layer through computer-aided manufacturing (CAM) using one of the
numerous methods of 3D printing.

CT/ MRI

3D computer
model
(CAD/CAM)

+/- Finite
Element
Analysis

Print metal
implant

Implantation

Figure 2.2. Workflow of 3D printing

3D Printing Techniques
Stereolithography (SLA) was the first 3D printing technique available and was first used
in the biomedical field in 1994 to bridge a skull defect (G. B. Kim et al., 2016)(Almeida e Silva
et al., 2014). SLA is the process by which a computer controlled ultraviolet laser beam hardens
a liquid polymer resin creating a structure layer by layer (Barazanchi et al., 2017). Other types
of liquid printing have been described such as multi-jet printing (MJP), PolyJet printing (PJP),
Color-jet printing (CJP) and Fused deposition modeling (FDM).
More recently, metal-based additive manufacturing (MAM) has evolved to produce
long-lasting implants (X. Wang et al., 2016). MAM techniques include: Electron Beam Melting
(EBM), Selective Laser Melting (SLM), Selective Laser Sintering (SLS) and Laser Metal
Deposition (LMD). These techniques all use heat treatment in the form of lasers (Fiber or CO2
laser) to melt or sinter metal powder, layer by layer to produce a desired construct (Figure 1).

3D Printing in Musculoskeletal Surgery
3D printing of metal structures has revolutionized musculoskeletal surgery, such as
orthopaedic surgery, neurosurgery, maxillofacial surgery, plastic surgery and thoracic surgery
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(Tack, Victor, Gemmel, & Annemans, 2016). Titanium is the most common material used in
MAM due to its material properties and biocompatibility. The titanium alloy, Ti6l4V, has an
elastic modulus around 110 GPa, which is low in comparison to other metals such as cobalt
chrome molybdenum (CoCrMo) that has a modulus of 210. Nevertheless, implants made of
these materials are usually much stiffer than natural bone. Cortical bone has an elastic modulus
ranging from 3 to 30 GPa (X. Wang et al., 2016). Therefore, due to this modulus mismatch,
there is insufficient load transfer from the implant to the surrounding bone resulting in bone
reabsorption and eventually loosening of the prosthetic implant (Moiduddin et al., 2016). With
3D printing, stress shielding can be avoided by adjusting the implants shape and porosity to
match the bone’s stiffness; therefore, creating an improved load transfer interface. Simoneau et
al.(Simoneau, Terriault, Jetté, Dumas, & Brailovski, 2017) described a reduction in proximal
femur stress shielding with porous 3D printed femoral stems. There has been a rapid increase in
interest regarding potential applications and benefits of MAM in musculoskeletal surgery.

Purpose
The purpose of the present study is to evaluate the post-operative outcomes of 3D
printed metal implants in musculoskeletal surgery. This review will identify the advantages and
disadvantages of 3D printing and discuss its potential role in the future of surgical practice.

2.2

Materials and Methods

Search Strategy
We conducted a systematic search of the online bibliographic databases Medline (1946
to December 2017), Embase (1946 to December 2017), Scopus (1960 to December 2017),
CINAHL (1982 to December 2017) and Cochrane databases to identify eligible studies that
related to the surgical implantation of 3D printed metal implants in musculoskeletal surgery
Database appropriate search terms including “3D printing”, “implant” and “musculoskeletal”
were used. A summary of the specific search strategy used is included in appendix 1.0.
References from review articles and potentially relevant studies were reviewed for additional
relevant articles.
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Table 2.1. Inclusion and Exclusion Criteria
Exclusion
Inclusion
English/ French

Review articles

3D printed/ custom/ additive manufacturing

Animal trials

Metal implants

Not implanted

Musculoskeletal application of implants
Implantation of 3D printed structure

Screening for Eligible Studies
Two independent reviewers (C-A.D. & M.P.) assessed the titles and abstracts of articles
found in the initial search strategy. Eligible studies were included based on the inclusion and
exclusion criteria listed in Table 2.1. All titles and abstracts that met the eligibility criteria and
any marked uncertain were obtained in full text and independently reviewed by the same two
reviewers using the same eligibility criteria. Any disagreements between the two reviewers
were noted and resolved with discussion. A flow diagram summarizing the systematic review
process is illustrated in Figure 3. Twenty-five articles remained after final screening.
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Identification

Medline:
n= 142

Embase:
n= 217

Scopus:
n= 473

CINAH
L: n= 13

Included

Eligibility

Screening

Duplicates Removed: n=
347

Records screened: n =
507

Full-text articles assessed
for eligibility: n= 74

Cochrane:
n= 6

Others:
n= 3

Records excluded: n= 433
1. No 3D printing
2. No MSK applications
3. 3D printed implant not
implanted
4. Animal trials
5. Review article
6. Article not in Fr or En

Full-text articles excluded: n =
49
1. Use of non-metal 3D
Printed implant (n= 23)
2. 3D Printed material not
implanted (n= 14)
3. Review paper (n= 5)
4. Virtual implantation (n=
1)
5. Not an article (n= 1)
6. Animal Model (n= 2)
7. Not 3D printed (n= 3)

Studies included in
qualitative synthesis: n =
25

Figure 2.3. Flow diagram summarizing the identification, screening and data collection of
relevant articles.
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Quality Assessment and Data Abstraction
Methodological quality assessment was performed by the reviewers using the Single
Subject Research Design Quality Assessment Tool (Logan, Hickman, Harris, & Heriza, 2008).
Two reviewers (CA.D. & M.P.) independently extracted data from eligible studies. The data
included in Table 2 were abstracted from each study.

Table 2.2. Data extraction
Type of Study
Authors/ Title/ Journal
Year

Country

Age

Gender

Number of participants

Surgical specialty

Joint/Bone

Indication for surgical procedure

Type of 3D printing (method/material)

Time of follow-up

Surgical Outcomes

Complications

Conclusions

Any conflicts of interest

Statistical Analysis
The majority of the data collected was qualitative data. However, any quantitative
radiographic or clinical mean scores and standard deviations were also collected. A single
reviewer performed the qualitative data analysis. Inter-observer agreement was assessed using
the Kappa statistic (Viera & Garrett, 2005).

2.3

Results and Discussion

A total of 507 articles were found after the initial electronic search. Twenty-five articles
fit the eligibility criteria when the papers were screened independently. The articles were of
weak to moderate quality with a mean score of 7.44 +/- 2.04 based on the Single Subject
Research Design Quality Assessment Tool (Logan et al., 2008). This is expected in the study of
rare or novel treatment methods such as 3D printed custom metal implants. The earliest articles
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found in the literature dated back to 2015. The strength of the inter-observer agreement during
the screening process was good with a kappa of 0. 71 +/- 0.04. The study characteristics of each
article are summarized in Table 3. Out of the 25 articles included in the review, 17 were cases
reports, four were cases series, two were prospective cohorts and two were retrospective
cohorts. Most articles originated from China (n=9) and Australia (n=4). Orthopaedic Surgery
(n=13) and Oromaxillofacial Surgery (n=6) were amongst the most popular fields of study
involving 3D printed metal implants. The most common type of 3D printer utilized in the
studies was Electron Beam Melting (12/25). The studies were categorized based on their
anatomic location.

Figure 2.4. Picture and x-ray of 3D printed glenoid metal augment implanted during
revision total shoulder arthroplasty with severe glenoid bone defect (Stoffelen, Eraly, &
Debeer, 2015)

Spine
Spine-related articles found that the use of 3D printed implants yielded excellent clinical
results. There was minimal post-operative pain (D. Kim et al., 2017), excellent bony fusion (X.
Li et al., 2017; Mobbs, Coughlan, Thompson, Sutterlin, & Phan, 2017; Phan, Sgro, Maharaj,
D’Urso, & Mobbs, 2016), no implant subsidence at 12 months (X. Li et al., 2017) and a
reduction in operative time (Mobbs et al., 2017; Phan et al., 2016).
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Pelvis
Pelvis-related articles showed a similar trend. The mean Harris Hip Score improved
from 36 +/- 8 to 82 +/- 18 (p < 0.001) after the reconstruction of a massive acetabular bone
defect during revision total hip arthroplasty using a 3D printed implant (Liang et al., 2017). The
use of 3DP implants resulted in an adequate reduction in stress shielding (K. C. Wong, Kumta,
Geel, & Demol, 2015), precise bone substitution after tumour excision and a Mean
Musculoskeletal Tumour Society 93 (MSTS-93) score of 22.7 for patients with iliac prosthesis
(Liang et al., 2017).
Hand and upper limbs
Fan et al. quoted an MSTS-93 score of 93, 73 and 90 in patients undergoing tumour
resection and bone defect substitution using 3DP implants for clavicle, scapular and pelvic
tumours. During total shoulder replacements with severe glenoid bone loss, the use of 3DP
glenoid implants yielded a 28% increase in Shoulder Pain and Disability Index as well as a
40.9% improvement of the Disabilities of the Arm, Shoulder, and Hand score.
Foot and ankle
Hsu et al. (Hsu & Ellington, 2015) used a 3DP titanium truss cage for tibiotalocalcaneal
arthrodesis and found that it resulted in a stable alignment and ankle fusion at the 5 months
post-operative follow up. The patients had minimal pain at the 1 year follow up and they
returned to their activities of daily living. The replacement of a calcaneus with a 3DP calcaneus
after it’s resection due to calcaneal chondrosarcoma resulted in an American Orthopaedic Foot
and Ankle Society (AOFAS) Ankle–Hindfoot Scale score of 82. The patient was pain free and
walking unsupported five months after surgery (Imanishi & Choong, 2015).
Skull
Articles related to the reconstructions of skull defects with 3DP implants showed that
there was a satisfactory skull-shape symmetry on CT and physical exam (E.-K. Park et al.,
2016). Temporomandibular joint reconstruction resulted in a normal jaw opening distance of
more than 40.0 mm (Ackland et al., 2017; Leiser et al., 2016)
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Thorax
A parasternal reconstruction with a 3DP implant gave excellent cosmetic results and a
preservation of thoracic morphology on CT (L. Wang, Cao, Li, & Huang, 2016).

A detailed summary of the surgical outcomes and complications of every study is
available in the appendix. The most common surgical indication for the insertion of the 3D
printed implant was for the reconstruction of bone defects. Twenty articles were related to the
reconstruction of bone defects secondary to tumour excision or bone loss encountered during
revision surgery. Other studies were associated with osteosynthesis surgery (n=2), spine
decompression/ fusion surgery (n=1), foot realignment surgery (n=1) and primary joint
replacement surgery (n=1). All 25 studies reported promising post-surgical outcomes and
numerous advantages to using 3D printed metal implants compared to the current standard of
care.

Advantages of 3D printing
Xu et al. described spine reconstruction after a C2 spondylectomy using conventional
implants compared to 3D printed implants. They found favourable post-surgical outcomes due
to specific features associated to 3D printing. The microstructure of the 3D printed implant is
highly organized and has uniform pores and a continuous strut that makes it resistant to
compressive stress. Its customized stiffness or flexibility matches the host bone. These
advantages are associated with less stress shielding and the prevention of implant subsidence
(Xu et al., 2016; Fan et al., 2015; Hsu & Ellington, 2015).

3D printing offers the possibility for optimized pore density resulting in increased area
of rough bone-metal interface conducive to osseointegration (Stoffelen et al., 2015). This can
offer an overall better fixation-stability. The customized implant can also minimize the need for
bone graft as well as reduce the risks associated with bone graft harvest such as post-operative
pain and infection (Xu et al., 2016; Phan et al., 2016).

Another key feature of 3D printing is the capacity for customized topology. 3D printed
implants are based on custom computer-aided design models that match the actual size and
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unique shape of the site. This increases the contact area and improves the bone-implant
interface giving the implant additional stability and therefore may help reduce stress risers that
lead to implant fracture, periprosthetic fractures and/or implant collapse (Xu et al., 2016). A
more even stress distribution on the bone-implant interface may reduce uneven bone
remodelling and proximal bone resorption. Wei et al. (Wei, Guo, Ji, Zhang, & Liang, 2017)
reported a more reliable reconstruction and a better fixation-stability when a custom-made
sacral prosthesis was used after total bloc sacrectomy. The prosthesis matched the osteotomy
planes of L5 and bilateral ilia. Kim et al. (D. Kim et al., 2017) described how conventional
pelvic reconstructions typically use more than two grafts and geometrically different cages,
which takes a considerable amount of operating time. With their 3DP implant, they not only
eliminated the need for multiple grafts and cages but also minimized dead space. The
geometrical fit of the implant maintained better stability and diminished postoperative pain.
Stoffelen et al. also described a better geometrical fit when an irregular glenoid bone defect was
reconstructed with a 3DP augment during revision total shoulder arthroplasty (Stoffelen et al.,
2015).

3D printed personalized implants can simplify complex reconstructive surgery that
would otherwise need multiple conventional implants. 3DP could reduce operating time (Phan
et al., 2016) by reducing the need for bone graft harvest (U. L. Lee et al., 2016), improving
surgical planning and using patient specific tools. The preoperative design process associated
with 3DP increases the surgeons’ stereotypic understanding of the patient’s anatomy and
accelerates surgical decision-making (D. Kim et al., 2017). Furthermore, the reduction in
operative time could reduce operative complications and the overall cost of the operation (Phan
et al., 2016).

The 3DP technology and development of customized titanium prosthesis has increased
the limb salvage surgery in recent years (Fan et al., 2015) mainly because traditional subtractive
manufacturing cannot replicate complex anatomy or internal features. Fan et al. (Fan et al.,
2015) explained that the custom 3DP titanium scapula implanted in the study eliminated the
risk of scapular allograft resorption during conventional attempts at limb salvage and was
therefore the preferred surgical option for scapular reconstruction involving limb salvage.
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Imanishi et al. also illustrated that with the use of a custom 3DP calcaneus after a total
calcanectomy had excellent post-operative results and was a valid limb-salvage surgical option
(Imanishi & Choong, 2015).

3D printed implants offers the surgeon a lower profile or less prominent insert that is
more anatomic and therefore yielding better post-surgical outcomes (Smith et al., 2016). The
anatomic alignment achieved with 3DP yields near-perfect functional and cosmetic results such
as in skull defect reconstruction (E.-K. Park et al., 2016), sternocostal reconstruction (Aranda et
al., 2017) and mandibular reconstruction (Ackland et al., 2017; Leiser et al., 2016; Hatamleh et
al., 2016; Shan, Chen, Liang, Huang, & Cai, 2015; Stoor, Suomalainen, Mesimaki, & Kontio,
2017).

Disadvantages of 3D printing
Li et al. (Li, Qu, Mao, Dai, & Zhu, 2016) described an increased risk of superior gluteal
nerve injury and hip dislocation with the use of a custom 3D printed acetabular cage in hip
reconstruction surgery. This was mainly due to the substantial exposure of the ilium required to
accurately place the custom cage. The authors retrospectively described that they could have
used a trochanteric osteotomy to relieve some tension of the superior gluteal nerve. They could
have inserted the screws percutaneously to reduce the overall dissection and risk of dislocation
secondary to lack of soft tissue tension.

The introduction of 3D printing in musculoskeletal surgery is only recent and lacks the
long term follow up to adequately compare it to traditional techniques (Phan et al., 2016). Thus,
it has a complicated approval process (Fan et al., 2015). Without proper standardization within
the manufacturing process, there is a potential for low quality implants. However,
implementation of international standards of 3DP would improve the quality of 3DP implants.
Furthermore, intraoperative modification is limited and operative fit is based on the accuracy of
the bony resection in tumor removal surgery. Implant insertion using intra-operative navigation
has been shown to improve the accuracy of implantation (Chen et al., 2015). If intra-operative
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modifications are needed to accommodate the implant, conventional techniques of bone defect
substitution can be used.

Potential drawbacks to 3D printing technology currently have high costs due to its
customized single use profile, the inter-disciplinary pre-operative planning and the approval
required by health authorities, hospitals and insurers (Phan et al., 2016; Hatamleh et al., 2016).
Hsu et al. quoted an $8400 cost involved with the trials and implants themselves, as well as
over 12 hours spent outside of surgery editing the computer generated surgical plan and getting
ethics approval for a tibiotalocalcaneal arthrodesis implant. Hamid et al. said that the implant
and patient-specific instrumentation in a limb-salvage 3DP distal tibial mesh was approximately
$20,000; however, they demonstrated that amputation costs over a lifetime care cycle are more
cost-prohibitive than previously thought owing to prosthetic cost. Wang et al. quoted that
during thoracic rib reconstruction, the 3DP process cost about $300 for thoracic model and
$13,800 for the titanium ribs. To better understand the economic impact, the increased surgical
costs of 3DP needs to be compared to the costs of traditional treatments in a holistic manner;
including societal costs of managing patients.

Table 2.3. Study characteristics

N

Age
(years)

Method
of 3D
printing

Follow-up
time

2017

1

62

EBM

3, 8, 12
months

TMJ

2017

1

58

SLM

6 months

Neurosurgery Spine
Surgery

C-spine

2016

1

65

U/S

2 months

Case
Report

Oral and
Maxillofacial
Surgery

Mandible

2016

1

25

SLS

6 months

Hatamleh
et al.

Case
Report

Oral and
Maxillofacial
Surgery

Mandible

2016

1

26

SLS

Not reported

Park et al.

Prospecti
ve
Cohort

21

28.6
+/19.4

EBM

6-22 months

Authors

Type of
study

Specialty/ location

Location

Year

Wei et al.

Case
Report

Orthopaedic
Oncology

Sacrum

Ackland et
al.

Case
Report

Oral and
Maxillofacial
Surgery

Phan et al.

Case
Report

Leiser et
al.

Neurosurgery

Skull

48

2016

Mobbs et
al.

Case
Series

Neurosurgery Spine
Surgery

C/L-Spine

2017

2

63 and
52

U/S

9 and 12
months

Kim et al.

Case
Report

Neurosurgery Spine
Surgery

Sacrum

2017

1

16

EBM

1 year

Liang et al.

Retrospe
ctive
Cohort

Orthopaedic
Oncology

Pelvis

2017

35

36.9
+/17.1

EBM

20.5 months
(6 to 30)

Wang et al.

Case
Report

Thoracic Surgery

Ribs

2016

1

60

SLS

15 days

Li et al.

Retrospe
ctive
Cohort

Orthopaedic
Surgery

Hip

2015

24

7.3

DMLS

67 months
(24–120)

Xu et al.

Case
Report

Orthopaedic Spine
Surgery

C-spine

2016

1

12

EBM

3m, 6m, 1
year

Wong et
al.

Case
Report

Orthopaedic
oncology

Pelvis/ Hip

2015

1

65

SLM

10 months

Shan et al.

Case
Series

Oral and
Maxillofacial
surgery

Maxilla/
Mandible

2015

4

35 +/11.3

U/S

6 month, 2
years, 5
years

Smith et al.

Case
Series

Orthopaedic
Surgery

MTP

2016

2

16 and
64

U/S

12 weeks

Imanishi et
al.

Case
Report

Orthopaedic
Surgery Oncology

Calcaneus

2015

1

71

EBM

5 months

Stoffelen
et al.

Case
Report

Orthopaedic
Surgery

Shoulder

2015

1

56

U/S

2.5 years

Stoor et al.

Prospecti
ve
Cohort

Oral and
Maxillofacial
Surgery

Mandible

2017

14

62.4
+/10.4

EBM

33 months
(6-49)

Hsu et al.

Case
Report

Orthopaedic trauma

Ankle

2015

1

63

SLM

1 year

Aranda et
al.

Case
Report

Thoracic Surgery

Sternocostal
Joint

2015

1

54

EBM

12 days

Li et al.

Case
Report

Orthopaedic Spine
Surgery

C-Spine

2017

1

53

EBM

12 months

Lee et al.

Case
Report

Oral and
Maxillofacial
Surgery

TMJ/
Mandible

2016

1

25

EBM

2 weeks

Hamid et al.

Case
Report

Orthopaedic
Surgery

Ankle

2016

1

46

U/S

15 months

Fan et al.

Case
Series

Orthopaedic
Surgery Oncology

Shoulder/
Pelvis

2015

3

37.3
(21-56)

EBM

18, 21, 24
months

Chen et al.

Case
Report

Orthopaedic
surgery oncology

Pelvis

2015

1

62

EBM

Unknown
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* Electron Beam Melting (EBM), Selective Laser Melting (SLM), Selective Laser Sintering
(SLS), Unspecified (U/S), Direct Metal Laser Sintering (DMLS), Temporomandibular Joint
(TMJ), Metatarsophalangeal Joint (MTP)
This systematic review is the first of it’s kind to specifically examine the surgical
implantation of 3D printed metal inserts in musculoskeletal surgery. Due to the novelty of this
technology and the recent advances that make it suitable for human implantation, poor quality
studies such as case reports were expected and are inherently part of the limitations of this
study. The surgical outcomes found in the reported studies are reported mostly as patient
reported outcomes and have numerous sources of bias. Nevertheless, this review shows the
feasibility and reproducibility of incorporating 3DP in surgical practice.

Figure 2.5. Picture and x-ray of 3D printed acetabular metal augment implanted during
revision total hip (K. C. Wong et al., 2015)

2.4

Conclusion

The rapid increase in the popularity of 3D printing is a testament to its potential utility
in surgery. Studies have shown promising results and have unveiled numerous potential
advantages of using additive manufacturing. Nevertheless, in the medical field, 3D printing still
requires a multidisciplinary team. Most surgeons are not familiar with the techniques involved
in 3D printing and surgical planning may require interfacing with engineering colleagues
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(Hoang, Perrault, Stevanovic, & Ghiassi, 2016). Further quality research is needed to fully
grasp the role of 3D printed implants in musculoskeletal surgery. With further advances in
technology, an increase in accessibility of 3D printing through cheaper production and easy-touse software is expected. Real-time creation of specialized implants is becoming an option to
musculoskeletal surgeons. With further research, 3D printing technology may enable substantial
advances in surgical innovation.

2.5
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CHAPTER

3

3

Measuring micromotion: A comparative study between the
FARO arm and the digital image correlation system

Overview: This chapter familiarizes the reader with different methods of measuring boneimplant micromotion. It goes over the FARO Gage arm as well as the digital image correlation
(DIC) system. The FARO arm is compared to the gold standard, DIC, and a linear regression is
used to determine if the FARO arm correlates well with the DIC and whether it could be a
convenient and accurate way of measuring bone-implant micromotion.

3.1

Introduction
In total knee arthroplasty (TKA), the motion between the components and the bone has

been studied in great detail. Bone-implant micromotion is a measurement of implant fixationstability and is used to predict implant loosening and failure (Jensen, Petersen, Schrøder,
Flivik, & Lund, 2012; Ryd et al., 1995). Clinically, implant migration is observed through
radiographic analysis. Gross migration causing implant subsidence or radiolucency can be
identified as signs of implant failure (Chambers, Fender, McCaskie, Reeves, & Gregg, 2001;
Ro et al., 2016). In vivo, more accurate three-dimensional musculoskeletal implant motion
techniques such as radiostereometric analysis (RSA) have been employed (Yuan et al., 2018).
During the RSA technique, tantalum markers are inserted into the bone and prosthetic implant.
Biplanar radiographs are taken of the limb and the position of the tantalum beads relative to
each other is recorded in micrometers. Newer RSA methods use model-based radiostereometric
analysis (MBRSA). A 3D model of the prosthetic implant captured by the radiographs is
compared to the tantalum beads in the bone to measure the micromotion experienced by the
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prosthetic implant. Yet, RSA can only accurately track changes that are more than 100μm and
still lacks the precision of in-vitro measurement techniques that can predict small repetitive
bone-implant micromotions that cause implant failure (Conlisk, Howie, & Pankaj, 2018).
Digital image correlation (DIC) is one of numerous ways of measuring micromotion in vitro.
With the improvement of high-resolution cameras, DIC has become the gold standard for boneimplant micromotion (Favre et al., 2016; Hosein, 2013; H. Xie & Kang, 2014). It can accurately
measure bone-implant movement on the order of 3μm and has been described as more accurate
than linear variable differential transducers (LVDT’s). DIC measures true micromotion at the
bone-implant interface and is not affected by confounders such as bones elastic deformation,
which can affect LVDT measurements (Eitner, Köntges, & Brendel, 2010; Favre et al., 2011;
Hosein, 2013). DIC is basically an optical system linked to a computer for storage of optical
data. The optical system is composed of a high-resolution camera, a telecentric lens and a
diffuse illuminator, which captures images of two points of interest in the same frame. The
pixels of the acquired images are used as units of measurement between the two points of
interest. The distance measured in pixels is then converted into micrometers. DIC has been used
more recently in orthopaedic implant research to quantify bone-implant micromotion and
predict implant loosening.
Moreover, tibial component aseptic loosening is a leading cause of primary and revision
TKA failure requiring revision or re-revision surgery (Australian Orthopaedic Association,
2017; Canadian Institute for Health Information, 2015; Tomlinson & Harrison, 2012). Thus,
improvements are constantly being made in order to increase tibial component fixation and
decrease the burden of revision surgery. A cadaveric study was created to test a novel 3D
printed titanium revision augment that fits into the proximal tibia during revision surgery. The
goal of the 3D printed implant was to increase tibial component fixation-stability and prevent
aseptic loosening. During the study both the primary and revision bone-implant micromotion
was measured using both digital image correlation and the FARO Gage arm. The current study
focuses on comparing the motion measurements acquired by the FARO Gage arm and the DIC
system during this aforementioned study.
The FARO Gage arm is a coordinate measuring machine (CMM). It is a high-precision,
portable 3D coordinate measurement system with measurement accuracy of 18μm. It has 6
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degrees of freedom. Each joint has rotary optical encoders. The signals from the encoders are
processed with advanced error coding and temperature compensation technology and the
resultant positional data is sent to the host computer. Thus, it captures 3D data from objects and
gives the position (XYZ) of the objects. The FARO Gage is mainly used in the industrial
workplace or processing centers for part inspection, machine alignment, tool building and
certification, and prototype scanning in fields such as aerospace engineering, reverse
engineering and the automotive industry (FARO Technologies, 2014). To our knowledge, the
FARO Gage arm has never been used for measurement of bone-implant micromotion. The
purpose of this study was to compare the bone-implant micromotion measurement taken with
the FARO Gage Arm (FARO Technologies, Lake Mary, FL, USA) and compare it to the
measurements taken by the digital image correlation system (DIC). We hypothesized that the
FARO Gage Arm would be a convenient way of measuring micromotion and would be
comparable to DIC.

3.2

Materials and Methods
After institutional Research Ethics Board approval, eleven paired fresh-frozen cadavers

(22 tibias) were tested at the University Hospital Orthopaedic Biomechanics Laboratory
(UHOB-L). All specimens were thawed at room temperature overnight, skeletonized and potted
into custom fixtures with screws and dental cement prior to testing. Primary total knee
arthroplasty (pTKA) surgery was performed on all tibias. Fixation stability testing was
conducted using a three-stage eccentric loading protocol. Static eccentric (70% medial/ 30%
lateral) loading of 2100 N was applied to the implants before and after subjecting them to 5×103
loading cycles of 700 N at 2 Hz using an AMTI VIVO joint motion simulator. Bone-implant
micromotion was measured using a digital image correlation system and a FARO Gage arm
before, during and after each static load. The pTKAs were removed and revision surgery was
performed on each tibia. One tibia from each pair was allocated to the experimental group using
a systemic sampling model with random start, and rTKA was performed with a titanium 3D
printed augment using selective laser melting. The contralateral side was assigned to the control
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group (revision with cement filling). The three-stage eccentric loading protocol was used to test
the revision TKAs and micromotion was assessed using both the DIC and FARO Gage arm.
Statistical analysis was performed to compare the FARO Gage arm measurement
technique in relation to the DIC system. Linear regression of the pTKA and rTKA FARO and
DIC data was done to assess the coefficient of correlation (R) and the coefficient of
determination (R2). The Pearson correlation was also calculated to determine the strength of the
relationship between the FARO and DIC as an estimate of how the FARO measurements reflect
the control (DIC).

3.2.1

FARO Gage Arm Measurements
Prior to data collection, the FARO Gage arm was calibrated using known immobile

structures such as the VIVO base plate. A computer-aided design (CAD) model of the tibial
tray was constructed using continuous data point collection with the FARO spherical probe
(refer to figure 3.1). This CAD model was used to display the location (X,Y,Z) of the point
relative to the CAD model on the CAM2® SmartInspect Basic v1.2 data acquisition software
(FARO Technologies, Lake Mary, FL, USA, 2014). In order to capture specific points in space
using the FARO Gage arm, spherical holes were placed in the tibial tray and in the bone in
order to dock the FARO spherical probe (refer to figure 3.1). These docking holes were placed
at five locations around the bone-implant interface. They were placed anteriorly, laterally,
posterior-laterally, posterior-medially, and medially. During micromotion measurement, the
FARO spherical probe was docked in the holes and the location of the point was recorded three
times using the FARO “point mode”. The three measurements were taken in three different
FARO arm positions while the probe was properly seated, in order to help triangulate the point
of interest in space. The measurements of all bone and implant holes were done three times
during every micromotion assessment, for a total of 9 recorded values per hole/point.
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AMTI VIVO loading
arm

FARO Gage arm

Custom hole in implant
for FARO probe

Joint encoders

FARO spherical
probe

Custom hole in bone for FARO probe

Figure 3.1. FARO Gage arm tibial bone-implant micromotion measurement
technique

3.2.2

DIC System Measurements
Before micromotion measurement, the DIC camera was calibrated by taking a picture of

a calibration grid with known division lengths of 0.05mm. The calibration yielded a pixel to µm
conversion factor of 3.43µm/ pixel. The optical system used during this study consisted of: the
pilot GigE Series piA 2400-12gm/gc camera (Basler AG, Ahrensburg, Germany); the
telecentric lens (Opto Engineering, Matua, Italy); and the axial diffuse illuminator (Advanced
Illumination, Rochester, VT, USA) (refer to figure 3.2). The resolution of the camera was 2452
by 2056 pixels and the field of view was 8 mm by 8 mm. This optical system was validated
during a previous study by Hosein et al (Hosein, 2013). In order to create a large contrast
between the markers and the background, liquid paper was placed on the implant and bone as a
background for the fluorescent orange paint markers that were placed on top of the liquid paper.
These markers were placed adjacent to the FARO Gage arm holes anteriorly, medially and
posterior-laterally. The ImageJ (National Institues of Health, Bethesda, USA) image software
was then used to color threshold the markers and calculate the centroids of the markers (refer to
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figure 3.2). The distance between these centroid (implant/bone) was calculated in an unloaded
and loaded state in order to calculate the micromotion of the implant relative to the bone.

Bone Marker with example of centroid

Implant Marker

Lateral

Posterior

Anterior

Medial
Axial Diffuse
Illuminator

Telecentric
Lens

Pilot GigE
Series Camera

Figure 3.2. Digital image correlation system tibial bone-implant micromotion
measurement technique.

3.3

Results
The bone-implant micromotion experienced by the pTKAs and the rTKAs during the 3

stage eccentric loading protocols was measured by both the FARO Gage arm and the DIC
system. The mean axial micromotion is illustrated in Table 3.1.
Table 3.1. Mean axial micromotion measurements of the tibial component bone-implant
interface in primary TKA (rTKA) and revision TKA (rTKA) using the FARO Gage Arm
and the digital image correlation system (DIC).
Location FARO pTKA
Mean
SD
Medial
52.0
± 41.3
Anterior 49.1
± 40.3
PostLat 17.4
± 152.8

DIC pTKA
Mean
SD
43.5
± 35.3
51.1
± 35.9
17.5
± 12.1
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FARO rTKA
Mean
SD
43.9
± 55.2
37.0
± 48.3
14.4
± 60.3

DIC rTKA
Mean
SD
32.4
± 43.9
29.4
± 24.6
13.5
±11.7

When the mean micromotion measurements taken by the FARO Gage arm and the DIC
system are compared, they seem quite similar. The lowest implant subsidence in the primary
TKA was posterior-laterally in both the FARO and DIC measurements. The medial and anterior
aspects of the bone-implant interface experienced the greatest mean micromotion in both the
FARO and the DIC system. The Shapiro-Wilk test determined that both the FARO and DIC
data were non-parametric; therefore the Mann-Whitney U test was used to assess the
significance of mean differences between the two types of revision implants. The DIC data
found a statistically significant difference in vertical micromotion with higher micromotion in
the revision TKA using conventional fully cemented stems in comparison to a revision TKA
using the novel 3D printed titanium augment. These were significant before (p=0.04) and after
(p=0.009) cyclic loading. Conversely, the FARO Gage data also found a significantly higher
vertical micromotion in the conventional fully cement stem in comparison to the 3D printed
implant. Again, these were also significant before (p=0.04) and after (p=0.004) cyclic loading.

R = 0.058
R2= 0.003

Figure 3.3. Linear regression of the FARO micromotion measurements and the
DIC micromotion measurements of the tibial bone-implant motion in primary
TKAs.
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R = 0.077
R2= 0.006

Figure 3.4. Linear regression of the FARO micromotion measurements and the DIC
micromotion measurements of the tibial bone-implant motion in primary and
revision TKAs.

Nevertheless, when the correlation between the FARO data and the DIC data was
examined, it resulted in a low degree of relationship between the two measurement techniques.
The FARO data is not correlated with the data from the DIC system, a highly precise
measurement technique that has been proven to be effective at measuring bone-implant
micromotion (Hosein, 2013). In primary TKA micromotion, the Pearson correlation between
the FARO and DIC data was 0.058. The total motion data obtained from the revision and
primary TKAs, from the FARO and DIC, resulted in a Pearson correlation of 0.077. These
correlations are quite poor since they are far from 1.0 or -1.0. Furthermore, the linear regression
models (refer to figure 3.3 and 3.4) also prove that the FARO and DIC measurements are not
correlated with a R2 of 0.003 for pTKA measurements and a R2 of 0.006 for all measurements
(pTKA and rTKA).
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3.4

Discussion
With the advancement of technology, newer precision instruments are available for

industrial and research based measurement. The FARO Gage arm is an example of a
remarkably powerful tool that has been used for high-precision measurements in the fields of
aerospace and automotive engineering (FARO Technologies, 2014). In medicine, the FARO
arm has been studied for its use in computer-assisted-image-guided neurosurgery, knee surgery
and kinematic studies of joints (Martelli, 2003; Rohling, Munger, Hollerbach, & Peters, 1995).
It has also been used for anthropometric measurement in sport (Zampagni et al., 2006). In the
current study, the FARO Gage arm was tested in order to determine if it could be used in
orthopaedic bone-implant micromotion studies. The application of the FARO Gage arm was
evaluated by comparing how close it mimics the measurements taken by a digital image
correlation system, the gold standard in precise bone-implant micromotion measurement.
This study revealed that the FARO Gage Arm is unfortunately not a valid substitute to
measure bone implant micromotion. Its correlation to the DIC system measurements was poor
with a low coefficient of correlation (R) of 0.058 and 0.077. Crause et al. studied the use of the
FARO Arm (Platinum) for the re-alignment and testing of the Southern African Large
Telescope’s Spherical Aberration Corrector. They found that single measurements of the same
position were considerably less reliable when the arm is operated in widely different
orientations. They determined that there was an overall uncertainty of approximately 90μm with
measurements of fixed points. This was 50μm higher than the manufacturer specifications of
the FARO arm that they used. They concluded that the most reliable results were obtained by
taking 1000 measurements per point with the operator exercising the arm as much as possible.
They also determined that a continuous stream of readings is more accurate than having the
operator press the green button on the wrist of the arm for every data point (Crause,
O’Donoghue, O’Connor, & Strümpfer, 2010).

While 1000 measurements seems time

consuming, the FARO arm can acquire data continuously at more than 50 Hz, which means that
it would take 20 seconds to complete 1000 measurements (Martelli, 2003).
Mathematically, since the uncertainty of the FARO Gage Arm is known as 0.018mm,
we can calculate the error propagation using a simple equation (2) (Martelli, 2003). The q
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represents the quantity and the x and y the measurement values. We determined the distance
between 2 measured points by subtracting their coordinates. Therefore, the uncertainty of each
subtracted value needs to be added; thus, increasing the uncertainty from 18μm to 36μm.
Furthermore, since we subtract the distance between the markers of the load (x) and pre-load
(y) conditions to measure micromotion (q), the uncertainty of x and y are, again, added to
obtain the error propagation of 72μm. The summary of the error propagation is presented in
equation (4) and (5).

Values added or subtracted to calculate the quantity of micromotion:
𝑞 = 𝑥(+ 𝑜𝑟 − ) 𝑦 (1)
Error propagation with known uncertainty:
∆𝑞 = ∆𝑥 + ∆𝑦 (2)
Error propagation with random uncertainty:
∆𝑞 = √(∆𝑥 2 + ∆𝑦 2 ) (3)
Step 1 - Calculating distances between two recorded points:
𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 = 0.018𝑚𝑚 + 0.018𝑚𝑚 = 0.036𝑚𝑚 (4)
Step 2 - Calculating Micromotion (difference between two distances):
𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 = 0.036𝑚𝑚 + 0.036𝑚𝑚 = 0.072𝑚𝑚 (5)

In summary, the error propagation calculated indicates that the FARO Gage Arm would
have an accuracy of 72μm for micromotion measurements, which, is not ideal when assessing
bone-implant motion that often is less then 72μm. The authors accept that this study has
limitations that may affect the validity of the results. To start, the holes made in the bone for the
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docking of the FARO spherical probe were subject to deformation from probe insertion and
from the loading of the bone by the VIVO joint simulator. The DIC and FARO data was
acquired from different points that were adjacent to each other on the implant and bone, which
might have yielded slightly different motion values. The acquisition of more points could have
helped increase the precision and accuracy of the FARO Gage arm; however, the error margin
would still be too high in comparison to the DIC system with an accuracy of 3μm (Hosein,
2013).

3.5

Conclusions
This study suggests that the FARO Gage arm is not a substitute for the digital image

correlation system for the measurement of bone-implant micromotion. While it is not accurate
enough for bone-implant micromotion measurements in orthopaedic research, other parts of
medicine will surely benefit from its use and its convenience.

3.6
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CHAPTER

4

4

Quantifying the magnitude and direction of micromotion in
primary total knee arthroplasty

Overview: This chapter reviews primary total knee arthroplasty. A cadaveric study was
completed looking at the magnitude and direction of micromotion experienced by primary total
knee arthroplasty. These results were compared to the literature and can serve as a basis to
improve pTKA in the goal of reducing micromotion and thus decreasing implant loosening.

4.1

Introduction
Cemented total knee arthroplasty (TKA) is the international standard of care for treating

patients suffering from debilitating knee pain caused by end-stage knee arthritis (Australian
Orthopaedic Association, 2017; Canadian Institute for Health Information, 2015; M. Khan et
al., 2016; S. M. Kurtz et al., 2011; S. M. Lee, Seong, Lee, Choi, & Lee, 2012; Meftah et al.,
2016; Tomlinson & Harrison, 2012). By replacing the damaged cartilage, TKA is highly
successful at restoring function and relieving pain. In a survey of 18 countries, an estimated
1,324,000 TKAs are performed annually (S. M. Kurtz et al., 2011). The annual demand for
primary total knee arthroplasty (pTKA) is expected to increase substantially in the years to
come. In the United States alone, the demand for TKA is projected to rise by 673% by 2030
(M. Khan et al., 2016). Furthermore, a recent trend has demonstrated an increase in younger
patients undergoing pTKA likely due to higher rates of obesity and the expanded clinical
criteria for TKA eligibility (M. Khan et al., 2016; McCalden et al., 2013). Primary TKA has a
survival rate of 90-95% at 10-15 years (Skwara et al., 2009). However, this might change with
the introduction of younger patients getting knee replacement surgery. Patients under 55 years
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old have a 5% risk of revision at only 3 years after surgery (Canadian Institute for Health
Information, 2015). Aseptic loosening of the tibial component remains a major reason for
failure of primary TKAs especially in the younger demographic (Canadian Institute for Health
Information, 2015; Tomlinson & Harrison, 2012). Younger patients are at higher risk of early
prosthesis failure requiring revision TKA because of their higher functional demands, which
creates additional stress on the bone-implant interface (Gandhi et al., 2009; Hosein, 2013; Julin
et al., 2010). Micromotion of the bone-implant interface leads to implant loosening (Ryd et al.,
1995). There have been numerous studies evaluating tibial component micromotion using
radiostereometric analysis (RSA). Yet, while RSA is an improvement in accuracy over standard
X-rays, it can only track changes that are more than 100μm and is unable to track smaller
repetitive micromotions that play a key role in implant loosening and failure (Conlisk et al.,
2018). In order to track micromotion with accuracy, in vitro studies are needed with high
precision tools such as digital image correlation (DIC) or linear variable differential transducers
(LVDT’s) in order to accurately measure bone-implant micromotion. Moreover, there are few
studies in the literature that both quantify the magnitude and direction of the bone-implant
micromotion experienced when pTKAs are subject to loading conditions. The purpose of this
biomechanical cadaveric study was to determine the magnitude and direction of the tibial
component bone-implant micromotion in primary fully cemented total knee arthroplasty and
determine if there was a difference in micromotion between different regions of the TKA tibial
implant.

4.2

Materials and Methods
After institutional Research Ethic Board approval, 22 tibias from 11 fresh frozen

cadavers were tested at the University Hospital Orthopaedic Biomechanics Laboratory (UHOBL) from November 2017 to January 2018. The cadaver specimens were completely deidentified. The implant retrieval lab at the University Hospital supplied the total knee
replacement implants used during the study. These implants were cleaned prior to testing. All
specimens were frozen (−20 degrees Celsius) and then thawed at room temperature overnight
for 12 hours prior to testing. The specimens were cut to keep 18 cm of proximal tibia. The tibias
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were skeletonized and the tibial shafts were potted into custom fixtures using dental cement and
screws.
Primary total knee arthroplasty was completed on each tibia using a fully cemented
technique, cementing both the baseplate and the stem. The Stryker Triathlon universal tibial
baseplate (Stryker, Kalamazoo, MI, USA) and a 1.5 cm stem were used as the implant of choice
for all TKAs.

Primary TKA technique

4.2.1

After the specimen was thawed overnight and skeletonized, the tibia was placed on a
vertical intramedullary rod that was secured to the table. The rod was placed inside the
intramedullary canal of the tibia (5cm). The vertical axis now represented the anatomic axis of
the tibia. An extramedullary tibial guide (Stryker Triathlon knee system) was placed on the
tibia. The tibial slope was set at 0 degrees. The proximal tibia cutting jig was adjusted with a
lobster claw or angel wing caliper to ensure that the least amount of bone was removed during
the proximal tibial bone cut. Three pins were placed in the proximal tibia cutting jig once it was
aligned with the anatomic axis of the tibia. The proximal tibia was cut by an oscillating saw.
The cut was perpendicular to the anatomic axis. A circular bubble level was placed on top of
the tibial plateau to make sure the cut was neutral anterior-posteriorly and medial-laterally. The
distal tibial cut was then made 18 cm from the proximal tibial cut using a ruler and oscillating
saw. The tibia was removed from the intramedullary stand. The tibia was then placed in custom
fixture ensuring that the proximal tibial cut remains neutral in the fixture. Once the dental
cement (Denstone) from the custom fixtures was fully hardened the primary TKA was
continued.
The tibia was then sized by placing a tibial component sizing jig (Universal tibial
template) on the tibia. The sizing jig was aligned relative to the tibial tubercle and secured in
place by two pins. The appropriate keel punch guide was then placed on the sizing jig. A keel
punch was hammered into the proximal tibia using a mallet. The boss reamer was used to ream
the intramedullary canal at the depth of the keel of the primary implant. The headless 3” pins,
keel punch guide and tibial component sizing jib were removed. The polymethylmethacrylate
(PMMA) bone cement (Surgical Simplex P, Stryker Howmedica Osteonics Corp, Rutherford,
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NJ) was mixed without the use of a vacuum mixing device. Four minutes was given for the
cement to acquire a workable state. The cement was applied to the undersurface of the tibial
component and the proximal tibia. A constant pressure was applied on the implant after it as
impacted into the proximal tibia until the cement was hard.

4.2.2

Testing protocol
Once the pTKAs were completed the markers were placed on the anterior, medial and

posterior-lateral face of the bone-implant interface. These markers were used for the digital
image correlation micromotion measurements. The specimen was transferred to the AMTI
VIVO joint motion simulator. Fixation stability testing was conducted using a three-stage
eccentric loading protocol. The loading was conducted using a straight vertical physiologic
load. Static eccentric (70% medial/ 30% lateral) loading of 2100 N was applied to the implants
before and after subjecting them to 5×103 loading cycles of 700 N at 2 Hz (Egloff et al., 2012;
Mann, Miller, Goodheart, Izant, & Cleary, 2014; Peters, Mohr, Craig, & Bachus, 2001). Boneimplant micromotion was measured using digital image correlation. DIC provides micromotion
analysis with greater precision than alternative methods such as linear variable displacement
transducers (Small et al., 2016). Micromotion was measured in 3 locations: the anterior, medial
and posterior-lateral face of the bone-implant interface. Liquid paper was placed on the implant
and bone as a background and small drops of fluorescent orange paint were used as markers.
The centroids of the markers were acquired after colour thresholding. The distance between the
centroids (implant/bone) was calculated and was used to calculate the micromotion of the
implant relative to the bone. The camera was calibrated in order to convert pixel data into
micrometers. Statistical analysis was completed using SPSS Statistics version 23 (Armok, NY).
The Shapiro-Wilk test was done to determine if data was normally distributed. The MannWhitney U test was used to compare the non-parametric data. A literature review was done to
identify studies that could be compared to the results.
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Figure 4.1. Setup for primary TKA load testing and micromotion measurement with
the AMTI VIVO joint simulator and the Pilot GigE optical system. The location of
the micromotion measurement is displayed in the bottom right corner.

4.3
4.3.1

Results
Vertical (Axial) micromotion
Primary total knee arthroplasty was successfully completed on 22 tibias using a fully

cemented tibial component. No complications, such as intra-operative fractures, were seen that
could compromise the integrity of the fixation-stability of the implants. The mean total vertical
micromotion was 37.7μm ± 36.5μm pre-cyclic loading and 33.4μm ± 33.5μm post-cyclic
loading. There were no significant differences in total mean vertical micromotion before or
after cyclic loading (p=0.37).
The bone-implant micromotion was then subdivided into the location of measurement.
The micromotion measured anteriorly, medially and posterior-laterally is summarized in table
4.1 and figure 4.2. A Kruskal-Wallis Test (one-way ANOVA on ranks) determined that there
was a significant difference between the medial, anterior and posterior-lateral vertical
micromotion (implant subsidence) (p<0.001). A post hoc test using the Bonferroni correction
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and the Mann-Whitney U test proved that the anterior and medial vertical micromotion was
significantly greater than posterior-lateral micromotion (P<0.001) (refer to table 4.1).

Table 4.1. Significance of differences in vertical micromotion between anterior, medial
and posterior-lateral micromotion. Post hoc Mann-Whitney U test with Bonferroni
correction.
Comparison
Posterolateral-Medial
Posterolateral-Anterior
Medial-Anterior

Significance
<0.001
<0.001
0.079

Adjusted Significance
<0.001
<0.001
0.237

* the significance level is p=0.05

4.3.2

Horizontal or transverse micromotion
The variability of the transverse micromotion was high with a calculated variance of

8075. While the post-cycle data showed a trend for anterior-medial translation and some
external rotation, the pre-cycle data showed posterior and more external rotation. The null
hypothesis of the Kruskal-Wallis Test was retained; therefore, there was no significant
difference in transverse micromotion between the medial, anterior and posterior-lateral regions
of measurement. The mean micromotion after cyclic loading was 41.3μm ± 119.5μm anteriorly
for the medial marker, 1.5μm ± 21.8μm medially for the anterior marker, and 21.8μm ±
104.5μm medially for the posterior-lateral marker (refer to table 4.2 and figure 4.2).

75

Table 4.2. Vertical and horizontal micromotion (μm) pre and post-cycle
Location Vertical Pre-cycle

Vertical Post-cycle

Mean
SD
Mean
(μm)
(μm)
(μm)
Medial
46.6
± 37.6
38.6
Anterior 51.9
± 38.9
50.3
PostLat
14.5
± 18.6
11.3
• Note: Standard Deviation (SD)

SD
(μm)
± 35.7
± 33.5
± 15.4

Horizontal
Pre-cycle
Mean SD
(μm)
(μm)
-49.4 ± 65.3
-13.1 ± 74.0
12.3
± 81.3

Horizontal
Post-cycle
Mean SD
(μm)
(μm)
41.3
± 119.5
1.5
± 57.1
6.9
±7.2

o Vertical: Positive values represent compression or inferior translation
o Horizontal: Positive values represent medial translation for the anterior
marker/location and anterior translation for the medial and posterior-lateral
marker/location. SD: Standard deviation
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4.4

Discussion
Aseptic loosening is the leading cause of failure in primary total knee arthroplasty.

Tibial component loosening is a major reason for revision TKA surgery (Australian
Orthopaedic Association, 2017; Canadian Institute for Health Information, 2015; M. Khan et
al., 2016; S. M. Kurtz et al., 2011; Morgan, Battista, & Leopold, 2005). The fixation-stability of
the tibial component is therefore an important factor for achieving long term TKA survivorship.
Numerous factors contribute to the success of the tibial component fixation such as prosthetic
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design, degree of constraint, cementing technique and penetration, and type of fixation (Baker,
Khaw, Kirk, Esler, & Gregg, 2007; Bert & Mcshane, 1998; Small et al., 2016).
This study compared the vertical micromotion experienced at the medial, anterior and
posterior-lateral aspect of the bone-implant interface. There was a significantly greater implant
subsidence at the anterior-medial aspect of proximal tibia (p<0.001) with an axial micromotion
of 38.6μm ± 35.7μm medially and 50.6μm ± 33.5μm anteriorly.
Lift-off is defined as the implant lifting off the bone when the contralateral side
subsides. There was no lift-off seen during testing. Moreover, Bert et al. described maximal liftoff at the lateral bone-implant interface of the tibial component of TKA as 50μm. They had a
2446 N load set posteromedially. The loading conditions were ambiguous and they used a
LVDT to measure micromotion. The only measurable lift-off was in an implant that had an
uncemented stem and a 1 mm cemented mantle under the tibial tray. Therefore, our study
supports their conclusion that fully cemented tibial components have little to no lift-off in
comparison to components with a thin surface cement mantle (Bert & Mcshane, 1998).
A study by Luring et al. compared cemented tibial stems versus hybrid fixation in a
sawbone model with four loading condition. The implant was loaded anteriorly, laterally,
medially and posteriorly. These loading conditions were not physiologic; nevertheless, anterior
loading resulted in the highest micromotion and fully cemented tibial components had
significantly lower bone-implant micromotion. This supports our findings that there was
significantly higher amounts of anterior micromotion (Luring et al., 2006).
Small et al.’s 2016 study looked at micromotion at the tibial plateau of composite tibias
in primary TKA. They compared fixed versus rotating platform designs. The tibial component
was tested with posteromedial compressive loading followed by 10 degrees of external
tibiofemoral malalignment. They used DIC for micromotion analysis. They found that fixed
bearing primary tibial trays exhibited significantly higher micromotion in the medial and
posteromedial

measurement

regions.

They

measured

higher

micromotion

values

posteromedially (271μm), posterolaterally (235μm) and laterally (260μm). These findings go
against what was found in the current study. Yet, it was unclear whether the micromotion in
Small et al.’s study represented total or axial micromotion. The micromotion values are also
77

substantially higher than any other study found in the literature as well as the current study,
which might suggest that proper implant fixation was not achieved prior to testing.
Peters et al. reported bone-implant micromotion in the proximal tibia of primary TKA in
a study comparing full versus surface cementation techniques. He found no difference in
micromotion of the implant with either surface or full cementation. They used eccentric loading
of 50N to 1500N for 6000 cycles at one Hz and measured higher micromotions medially and
anteriorly in both surface and full cementation. These findings agree with what was
demonstrated in this study.
The horizontal translation of the tibial component created from an axial load can be
explained by implant subsidence. As the medial and anterior aspect of the tibial tray collapsed,
the vertical load that was once perpendicular to the implant has now a component of its force
that is applied parallel to the implant, thus creating shear forces and horizontal translation.
Moreover, the subsidence of the implant and the change in the direction of the load relative to
the implant also creates a moment and thus torque that can create rotational movement. There
was a very high variability in the transverse micromotion measured during testing. The true
direction of the horizontal motion measured during loading can be disputed due to its high
variability; however, the fact remains that transverse and rotatory micromotion was seen and
indicates that the pTKA might not be as rotationally and translationally stable as previously
thought. Our cadaveric specimens were very heterogenous and differed in age, size and bone
quality, which might have contributed to this high variability.

4.4.1

Limitations
The authors acknowledge limitation in the methods of this study. This study used a

simplified version of human physiologic loading. A vertical eccentric load was applied to the
tibial component of a primary TKA. Studies have demonstrated that the native knee and TKA
joint contact force is 60-70% medial and 30-40% lateral (Egloff et al., 2012; Mann et al., 2014;
Peters et al., 2001) during the stance phase of gait. Therefore, implant loading was performed
60-70% medial. Nevertheless, these conditions do not fully replicate the in vivo loading
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conditions during gait. The tibial rotation, abduction/adduction and anterior-posterior/mediallateral translation experienced relative to the femur were not accounted for in the loading
protocol. Furthermore, the muscle and ligament forces were also excluded in this study.
Also, the results apply only to the implant tested, and may not be generalizable to other
knee replacement systems (Small et al., 2016).
The markers used for the optical system were placed by hand and were not perfectly
circular. Therefore, this can affect the accuracy of the location of the centroid calculated by
ImageJ. Future improvements in DIC can develop a technique to place perfect circle as markers
in order to have maximum accuracy during the calculation of the centroids and thus maximum
accuracy during micromotion measurements.

Conclusions

4.5

This study examined, in detail, the micromotion experienced by the tibial component of
primary fully cemented TKAs. It demonstrated that there was significantly higher implant
subsidence at the anterior and medial bone-implant interface. This study revealed key issues in
primary TKA implant migration. These findings can be used to improve current primary TKA
implants and further reduce micromotion that would lead to reductions in implant loosening and
failure.

4.6
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CHAPTER

5

5

Revision total knee arthroplasty using a novel 3D printed
titanium augment: A biomechanical cadaveric study.

Overview: This chapter is the main study of the thesis. It goes over revision arthroplasty, and
the current options available to treat the tibial bone defect encountered during revision TKA.
The chapter compares the fixation-stability of the proximal tibial component after revision TKA
using the conventional fully cemented stem versus a novel 3D printed titanium augment.

5.1

Introduction
Total knee arthroplasty (TKA) is an effective means of treating end stage arthritis

(Arima et al., 1998; Jacobs, Clement, & Wymenga, 2005; S. M. Kurtz et al., 2011; Maradit
Kremers et al., 2015). With the aging population, the rising prevalence of risk factors such as
obesity and the necessity to maintain active lifestyles, the demand for primary total knee
arthroplasty (pTKA) is expected to increase considerably. In the United States alone, the
demand for TKA is projected to rise by 673% to 3.48 million procedures by 2030 (M. Khan et
al., 2016).
With the increasing number of total knee arthroplasty procedures performed annually,
the burden of revision surgery (rTKA) is also expected to increase. Total knee arthroplasty
revisions are projected to grow from 38,300 in 2005 to over 268,200 in 2030 (S. Kurtz, Ong,
Lau, Mowat, & Halpern, 2007) if the revision burden (the ratio of primary to revision
arthroplasties) stays constant at around 8%. This might be an underestimation of the shear
growth in numbers of rTKAs since the revision burden may also increase with time. The
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number of younger patients undergoing primary total joint replacements is rising due to
increasing rates of obesity and the expanded clinical criteria for TKA eligibility. Due to this
demographic shift, the demand for TKA amongst patients aged less than 65 years is predicted to
account for more than 50% of the primary TKAs in the next 2 decades (M. Khan et al., 2016).
Younger patients are known for having a higher risk of early prosthesis failure requiring
revision TKA because of their higher functional demands (Gandhi et al., 2009; Hosein, 2013;
Julin et al., 2010). In Sweden, patients aged less than 65 years have twice the risk of revision
compared with those aged more than 75 years (M. Khan et al., 2016). The underlying issue with
this inevitable rise in revision knee surgery is that compared to primary TKA, revision TKAs
have poorer results in terms of patient satisfaction and longevity (Bole, Teeter, Lanting, &
Howard, 2018). Their survivorship have been quoted as low as 60% over shorter periods (J.
Cherian et al., 2016). Therefore, improvement of revision knee surgery is mandated.
There are multiple reasons for failure of primary TKAs such as infection, pain,
instability, periprosthetic fracture, osteolysis, dislocation and bearing surface wear.
Nevertheless, the most common indication for revision surgery after primary TKA is aseptic
loosening (29.8%) and more specifically loosening of the proximal tibial component (M. Khan
et al., 2016; Tomlinson & Harrison, 2012; J. Cherian et al., 2016; Goodheart, Miller, & Mann,
2014). Additionally, during revision TKA, proximal tibial bone loss is frequently encountered.
This can complicate revision surgery, and possibly result in a less-stable bone-implant fixation.

Figure 5.1. Example of TKA removal with failure of the cement-bone interface (left) vs.
the cement-implant interface (right). Image taken from (Schlegel, Bishop, Püschel, Morlock,
& Nagel, 2014): copyright SICOT-J under the Creative Commons license.
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In more detail, the bone loss during rTKA can result from the underlying etiology that
caused implant failure as well as the iatrogenic bone lost during implant removal. During
removal of primary TKA, bone loss can occur when the implant/cement is removed along with
some bone or when the cement separates from the implant and careful removed of this residual
cement from the proximal tibia is required. The old cement needs to be removed in order to
have virgin bone that will allow for the interdigitation of the newly applied cement securing the
revision implant (refer to figure 5.1). Proximal tibial bone defects have been classified in
numerous different ways (Bole et al., 2018)(Saleh et al., 2001).The Anderson Orthopaedic
Research Institute (AORI) classification of bone defects is the most widely used classification
of bone defect and is useful for guiding revision TKA (Panegrossi et al., 2014). (refer to figure
5.2).

Figure 5.2. Anderson Orthopaedic Research Institute (AORI) tibia bone defect
classification. Image taken from (Panegrossi et al., 2014): copyright SICOT-J under the
Creative Commons license.
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Regardless of the size of the bone defect, the aim of revision surgery is to relieve pain
and improve function while reconstructing a stable platform to transfer load to the host bone
(Whittaker, Dharmarajan, & Toms, 2008b). Consequently, the bony defects can be treated with
the use of longer stems in combination with cement filling, modular metal augments or bone
grafts (Efe et al., 2011). Long fully cemented tibial stems have been used for over two decades
in revision knee surgery and have been considered the standard of care in the case of poor bone
stock (Bole et al., 2018; Dennis et al., 2008; Whaley, Trousdale, Rand, & Hanssen, 2003;
Whittaker et al., 2008b). Nevertheless, there is a clear need for improvement. Cement has been
shown to deform and degrade over years and has weak resistance to tension and shear forces
(Gandhi et al., 2009). Creep, or plastic deformation of cement over time, is a problem that
steadily compromises the long-term fixation of implants (Jeffers, Browne, & Taylor, 2005).

5.1.1

Revision total knee arthroplasty and tibial bone loss
The proximal tibia can be divided into three anatomic zones of fixation during revision

total knee arthroplasty: zone 1, the epiphysis or joint surface; zone 2, the metaphysis; and zone
3, the diaphysis (Morgan-Jones et al., 2015) (refer to figure 5.3). Proper rTKA fixation-stability
can be achieved with a combination of any one of these zones.

Zone 1 – Epiphysis

Zone 2 – Metaphysis

Zone 3 – Diaphysis

Figure 5.3. Zones of fixation during revision TKA.
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5.1.1.1

Epiphyseal fixation

During revision surgery, it is necessary to establish a stable surface free of cement
debris and avascular bone in order to ensure proper zone 1, epiphyseal fixation. Biologic or
cement fixation can be used during implantation. Yet, Morgan-Jones states that zone 1 fixation
can only be reliably achieved with polymethylmethacrylate cement (Morgan-Jones et al., 2015).

5.1.1.2

Diaphyseal fixation

In order to improve the quality of the alignment and stability, rTKA systems have
increasingly used long intramedullary stems. These can be cemented or press-fit in a cementless
fashion. While the use of a stems gives the rTKA additional fixation, it is also a source of
intractable end-of-stem pain requiring re-revision surgery (Alexander, Bernasek, Crank, &
Haidukewych, 2013; Barnett et al., 2014). Some have quoted that up to 23% of patients
undergoing rTKA with stems complained of end-of-stem pain (Alexander et al., 2013). End-ofstem pain exists because of a stiffness mismatch between the tip of the prosthetic stem and the
host bone. This mismatch results in proximal stress shielding as well as increased peak contact
pressures at the tip of the stem (Glenn, Sokoloski, Damer, & Tabit, 2010). Furthermore, the stiff
fixation achieved in the diaphysis has been demonstrated to off-load the metaphysis and
initially protect the epiphyseal cemented interface from failure. However, because of this, it has
also shown to cause stress shielding and bone loss at the epiphysis-metaphysis compromising
long term fixation (Whittaker et al., 2008b). Consequently, recent studies have been focused on
achieving better metaphyseal fixation.

5.1.1.3

Metaphyseal fixation

Metaphyseal rTKA fixation and bone reconstruction is guided by the AORI
classification (Daines & Dennis, 2012). For AORI type 1 bone defects, where the lower
metaphyseal bone is intact, cement filling is used to fill the bone loss and achieve proper
implant fixation. This can be reinforced with screws if the defect approaches a AORI type II
(Panegrossi et al., 2014).
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For AORI type II bone defects, where the metaphyseal bone is damaged and is
uncontained, different methods have been described to reconstruct the bone defect. Bone grafts
such as impacted morsellized bone grafts have been used historically to restore the bone loss.
However, the defect needed to be contained, and the bone chips need to be a specific size to
ensure bony integration. The chips less than 0.5 mm are reabsorbed by the inflammatory
process and the chips bigger than 10 mm have a slow inconvenient integration (Whiteside,
1998). Modular metal augments are used for AORI type II and III bone defects and are
connected to the undersurface of the tibial tray. These give a surgeon the ability to rapidly fill a
bone defect. Still, in the long run, the difference in stiffness or elasticity between the metal and
bone caused stress shielding and bone loss. Newer modular implants have a higher volumetric
porosity and the potential for bony ingrowth (Panegrossi et al., 2014).
AORI type III bone defects are uncontained defects compromising the majority of the
tibial plateau. Historically, for younger patients, the bone defect was reconstructed with
structural bone allograft. This had the potential to re-establish bone stock. Conversely, its
disadvantages include late resorption secondary to immune reaction, fracture and non-union.
Moreover, other options for type III bone defects are metaphyseal trabecular metal cones. These
titanium or tantalum cones have a high coefficient of friction and are highly porous allowing for
bony integration (Haidukewych, Hanssen, & Jones, 2011). They are inserted by press-fit
technique into the proximal tibia. The tibial tray is then cemented to the cone. While they are
found to have predictable radiographic bony ingrowth and have good short term clinical
outcomes, they are costly and tend to irritate the surrounding soft tissues (De Martino et al.,
2015; Long & Scuderi, 2009; Meneghini, Lewallen, & Hanssen, 2008; Haidukewych et al.,
2011; Panegrossi et al., 2014). Another option for type III bone defect reconstruction is
metaphyseal sleeves. With the use of broach technique to prepare the bone for press-fit
implantation, the sleeves are inserted and have the capacity for osseointegration. Sleeves
enhance rotational stability. They have yielded encouraging short-term results; however, they
can cause tibial fractures when broaching the sleeves. Most of the studies on tantalum cones
and sleeves have the cones or sleeves coupled with the use of long diaphyseal cemented or
press-fit stems; therefore, it is difficult to truly appreciate whether the fixation-stability was
achieve secondary to metaphyseal fixation with the sleeve or cone, or whether it was achieved
more by the diaphyseal fixation of the stem (Haidukewych et al., 2011). Not to mention the re88

revision surgery required to treat the intractable end-of-stem pain (Barrack, Stanley, Burt, &
Hopkins, 2004; Beckmann et al., 2011; Glenn et al., 2010; Kimpton, Crocombe, Bradley, &
Gavin Huw Owen, 2013; Ranawat, Atkinson, & Paterson, 2012). Trabecular cones and sleeves
have shown some promise for tibial bone defect reconstruction but few long-term outcome
studies are available on these new techniques.
In summary, even with the current available options for revision surgery, revision total
knee arthroplasty is less successful in longevity and patient satisfaction than primary TKA
(Bole et al., 2018). The New Zealand Joint Registry has analyzed the cause of re-revision
surgery after rTKA. The top three reasons for re-revision surgery were deep infection, pain and
loosening of the tibial component. Therefore, the need for stronger longer-lasting proximal
tibial rTKA fixation is evident. The need for better implant fixation is particularly important at
zone 2 or at the metaphysis to reduce our dependency on diaphyseal fixation, which is known to
cause end-of-stem pain, a leading cause of re-revision surgery. The increasing number of
patients undergoing TKA and at a younger age foreshadows the exponential need for revision
TKA (Haidukewych et al., 2011). In order to avoid the personal and economic burden
associated with the poor outcomes of revision TKA surgery, innovative fixation techniques are
mandated.
Recent advances in technology have made 3D printing or additive manufacturing
suitable for human implantation. 3D printing can create complex free-form structures that
would be impossible using conventional subtractive manufacturing (Chen et al., 2015).
Therefore, a 3D printed titanium alloy (Ti6Al4V) revision augment that conforms to the
irregular shape of the proximal tibia was recently developed. The first step in testing this newly
developed implant was to test its fixation stability in a cadaveric model with the iatrogenic bone
defect (AORI type 1) encountered after removal of the primary total knee replacement. The
revision TKA with the novel 3D printed augment was compared to the current standard of care
in revision surgery.
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5.1.2

Purpose and hypothesis
The purpose of this cadaveric biomechanical study is to determine the fixation stability

of a revision total knee arthroplasty (TKA) using a novel 3D printed titanium augment in
comparison to a conventional fully cemented revision stem in AORI type 1 bone defects. We
hypothesized that the press-fit fixation achieved in a cadaveric model by the novel 3D printed
augment would have equivalent or better fixation-stability in comparison to the conventional
fully cemented revision TKA. Sufficient press-fit fixation of the 3D printed augment shown in
the cadaveric model would demonstrate that bony ingrowth in-vivo would occur and lead to
potential long-term improvements in fixation stability of revision total knee replacements.

5.2
5.2.1

Materials and Methods
Novel augment design and printing
Preliminary research was done on the shape of the proximal tibia as well as the shape of

the bone defect encountered after the removal of failed primary TKAs during revision surgery.
The co-authors were involved in a study on tibial bone defect size and shape following total
knee revision surgery (Bole et al., 2018). In this study, 118 patients who underwent revision
TKA from January 2005 to February 2014 were included. Tibial defect size and shape was
assessed. The anteroposterior and lateral views of the six-week post-operative radiographs were
taken and measurements of the bone defects were analyzed using ImageJ. Bone defect was
determined by measurements of the implants, augments and cement mantle. This study, along
with the expert opinion of fellowship trained arthroplasty surgeons were the foundation for the
creation of an anatomic proximal tibial augment for revision TKA. A 3D digital model of the
implant was created. The novel tibial augments were then printed using this 3D digital model
by selective laser melting of a titanium alloy (Ti6Al4V) by Additive Design in Surgical
Solutions (ADEISS) in London, Ontario (refer to figure 5.4).
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Figure 5.4. Novel 3D printed titanium revision TKA augment for the
proximal tibia.

5.2.2

Experimental method

5.2.2.1

Specimen preparation

Eleven paired fresh cadavers (22 knees) were tested at the University Hospital
Orthopaedic Biomechanics Laboratory (UHOB-L) from November 2017 to January 2018. The
cadaver specimens were completely de-identified. The implant retrieval lab at the University
Hospital supplied the total knee replacement implants used during the study. These implants
were cleaned prior to testing. All specimens were frozen (-20 degrees Celsius) and then thawed
at room temperature overnight for 12 hours prior to testing. The specimens were cut to keep 18
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cm of proximal tibia. The tibias were skeletonized and the tibial shafts were potted into custom
fixtures using dental cement and screws (refer to figure 5.5).

7 cm

Skeletonized
tibia

3 cm
18 cm

Dental cement
4” ABC pipe

8 cm

Aluminum ring

Baseplate

Figure 5.5. Schematic (left) and actual (right) representation of the custom fixtures used for
testing. Note that the actual representation represents the screw fixation acquired prior to pouring the
dental cement.

5.2.2.2

General protocol

After institutional Research Ethics Board approval was obtained, preliminary testing
was done with four sawbone specimens prior to actual testing with the 22 cadaveric tibias. This
was done in order to have a learning curve during preliminary testing and minimize any
learning curve during cadaveric testing; thus, standardizing the cadaveric testing. Examples of
the sawbones used during preliminary testing are presented in figure 5.9 (refer to figure 5.9).
Primary total knee arthroplasty (pTKA) surgery was performed on all tibias. The
Stryker Triathlon universal tibial baseplate (Stryker, Kalamazoo, MI, USA) system was used
with a 1.5 cm stem for primary TKA surgery. Fixation stability testing was conducted using a
three-stage eccentric loading protocol and the resultant micromotion was measured using a
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digital image correlation system (DIC). The primary TKAs were removed surgically by a single
surgeon (CAD) and the bone defect was measured using the Anderson Orthopaedic Research
Institute (AORI) classification as well as volumetric measurements using silicone mold casting.
Time to complete explantation of the pTKA was recorded. The allocation of the control and
experimental group was completed. One tibia from each pair was allocated to the experimental
group using a systemic sampling model with random start, and revision TKA was performed
with the 3D printed titanium augment. The contralateral side was assigned to the control group,
and revision TKA was performed with a conventional fully cemented stem. The Stryker
Triathlon universal tibial baseplate (Stryker, Kalamazoo, MI, USA) was used with a 5 cm long
stem for the revision TKA for both the control and experimental group. The three-stage
eccentric loading protocol was repeated and micromotion measurements were obtained for both
the control and experimental groups. The rTKAs were explanted by a single surgeon (CAD)
and the resultant bone defect was assessed using volumetric measurements. Time to complete
explantation of the rTKA was recorded.

5.2.2.3

Statistical analysis

Statistical analysis was completed using SPSS Statistics version 23 (Armok, NY). The
Shapiro-Wilk test was done to determine if data was normally distributed. The non-parametric
data (not normally distributed) obtained for the micromotion were compared using the MannWhitney U test. P values less than 0.05 were considered significant. The parametric data
(normally distributed) from the bone defect volumes were compared using an independent Ttest. Absolute values were used to compare the magnitude of the micromotion and the true
values were used to describe the vector of the micromotion. The coefficient of variation or
relative standard deviation was used to express the precision and repeatability of the volumetric
measurement of the proximal tibial bone defect using the silicone molding technique.
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5.2.3

Description of the equipment

5.2.3.1

Loading device

The AMTI VIVO six degree of freedom joint simulator was used for the testing
protocol. The VIVO joint simulator provides accurate robotic joint motion simulation for the
knee. VIVO was used to apply both static and cyclic loads during testing of the primary and
revision TKAs (refer to figure 5.6). The custom fixtures were securely bolted to the VIVO
mounting plate on the lower stage. A custom metal load distributor was manufactured. The load
distributer fit perfectly on the tibial tray. Its medial-lateral length was measured and a 1mm hole
was placed medial to its center (70% medial relative to total length of load distributor). This
hole accommodated the indenter and gave it additional stability during loading. Anteriorposteriorly, the center of the tibial tray was determined and the load distributor was placed at
this location. During testing, the specimen was slowly raised in order to properly position the
indenter on the load distributor. Once the indenter was in contact with the load distributor, the
load was gradually applied over a few seconds by raising the lower stage.
Flexion arm

Gimbal/ abduction arm

Indenter

Tibia
Custom fixture

Custom load distributor

Mounting plate

Lower stage (Hydraulic loading
cell/ multi-axis force transducer)

Base plate

Figure 5.6. Setup for specimen loading.

Hydraulic load cell
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5.2.3.2

Micromotion measurement– Digital Image Correlation System

Implant micromotion is a measurement of stability and is used clinically and in in-vitro
studies to assess implant fixation-stability and predict implant loosening. It is also a
measurement that can predict the likelihood of implant osseointegration in implants that can
achieve biologic fixation. Implants that show continuous migration (> 200μm) between 1 and 2
years after surgery are considered being at a higher risk for future aseptic loosening (Jensen,
Petersen, Schrøder, Flivik, & Lund, 2012; Ryd et al., 1995). Furthermore, bone ingrowth was
observed in-vivo for bone-prosthesis interface micromotion ranging from 20-50 μm (Chong,
Hansen, & Amis, 2010; Jasty et al., 1997; Udofia et al., 2007). Anything above this
micromotion threshold of 50 μm would lead to an unstable fibrous tissue layer formation
between the metallic implant and host bone.
Clinically, implant migration is observed through radiographic analysis. Gross
migration causing implant subsidence or radiolucency can be identified as signs of implant
migration and failure (Chambers et al., 2001; Ro et al., 2016). For more precise in-vivo
monitoring of three-dimensional musculoskeletal implant motion, techniques such as
radiostereometric analysis (RSA) have been developed and validated RSA provides the highest
measurement accuracy in vivo and is the gold standard in clinical orthopaedic radiographic
studies (Yuan et al., 2018). In RSA, tantalum markers are inserted into the bone during surgery
or implantation of prosthetics such as total knee replacements. Tantalum markers are also
inserted into the implant itself during classic RSA or the implant is used as a model reference
for bone markers during the modified model-based RSA (MBRSA). Radiographic analysis is
then done visualizing the tantalum markers and making movement measurements based on the
distance between the markers.
During in-vitro experiments, there are multiple ways of measuring micromotion
between the bone-implant interfaces. Linear variable differential transducers (LVDT’s) were
the most accurate form of micromotion measurement for orthopaedic implants. Holes are
drilled through the bone and implant. Pins are inserted and connected to the LVDT.
Displacement of the implant relative to the bone is recorded by the LVDT as a change in
voltage and converted into a measurement of micromotion. High-resolution micro differential
variable reluctance transducers can make a accurate position measurement on the order of 1 μm
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(DiSilvestro, Sherman, & Dietz, 2004).

Yet, some may argue that by drilling holes and

connecting something to the implant and bone, the integrity of the bone-implant interface is
affected. Favre et al. found that gage measurements were actually less accurate then other forms
of micromotion measurements such as optical systems. They argued that gage measurements
quantify elastic deformation and not true interface micromotion and therefore would report
values higher than the actual micromotion experienced at the bone-implant interface (Favre et
al., 2011).
Digital image correlation (DIC) or optical systems have been more recently used as a
method to measure micromotion at the implant-bone interface (Hosein, 2013; Race, Miller, &
Mann, 2010). This method gives an accurate position measurement on the order of 3 μm (Eitner
et al., 2010; Hosein, 2013). This method basically uses a high-resolution camera with a
telecentric lens coupled with a diffuse illuminator in order to capture the image of two points of
interest. Like all cameras, reflected light enters the camera and is focused on the camera’s
sensor, which itself is made up of thousands of sensors called pixels. The sensor collects the
transmitted light and, with the help of a charged couple device, converts the light into an
electric charge, which is then converted as a digital image (Hosein, 2013). For micromotion
measurement, the software associated with the camera then takes the pixels of the image
captured and converts them into micrometers. The telecentric lens is needed because it gives the
camera a consistent image magnification and reduces distortion and perspective errors. The
axial diffuse illuminator gives the camera uniform light intensity for a clearer image, reducing
errors due to spectral reflection.
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Axial Diffuse
Illuminator

Telecentric Lens

Pilot GigE
Series Camera

Figure 5.7. Optical tracking system hardware
In this study, the pilot GigE Series piA 2400-12gm/gc camera (Basler AG,, Ahrensburg,
Germany) with telecentric lens (Opto Engineering, Matua, Italy) and axial diffuse illuminator
(Advanced Illumination, Rochester, VT, USA) were used as the hardware for the optical system
(refer to figure 5.7). The resolution of the camera was 2452 by 2056 pixels and the field of view
was 8 mm by 8 mm. This optical system was validated during a previous study by Hosein et al
(Hosein, 2013). ImageJ (National Institutes of Health, Bethesda, USA) was the image software
used during data acquisition. This program uses java-based functions and a color thresholding
method to detect the markers. The optical system works best when there is a large contrast
between the markers and the background. We used liquid paper on the implant and bone as a
background and placed small drops of fluorescent orange paint as markers. Additionally, the
centroids of the markers were acquired after colour thresholding. The distance between these
centroid (implant/bone) was calculated in an unloaded and loaded state in order to calculate the
micromotion of the implant relative to the bone. The camera was calibrated by taking a picture
of a calibration grid/ line with known division lengths of 0.05mm. The calibration yielded a
pixel to µm conversion factor of 3.43µm/ pixel.
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Lateral

Anterior

Posterior

Medial

Figure 5.8. Optical system measuring micromotion of implant relative to bone. The markers
are shown in the middle. The location of implant-bone micromotion measurements on the implant
are illustrated on the right.
During image acquisition, the camera was placed perpendicular to the specimen 6.3 cm
away since the camera’s working distance is 63.30mm. Measurements were taken at 3 different
locations: Anteriorly, medially and posterolaterally.

5.2.3.3

Bone defect measurement – Silicone mold and volumetric
measurement

All bone defects, after removal of the primary TKA, were AORI type 1 bone defects. In
order to have a more precise measurement of bone loss, volumetric measurements were
obtained. Silicone casting or molding was used as a volumetric measurement technique. A
polyethylene wrap was used to cover the bone and prevent interdigitation of the silicone. The
Amazing Remelt silicone mold by Alumilite (Alumilite, Kalamazoo, MI, USA) was used to
make a mold of the bone defect. The silicone softens and becomes liquid at 57-60 degrees
Celsius and has a specific gravity of 1.25 and density of 1.25 (g/ml). The Amazing melt silicone
was melted in a microwave on high for 2 minutes. The contents were well stirred and poured
into the bone defect cavity. The cavity was filled until the silicone reached the most proximal
point of the proximal tibia. The specimen was then place in a freezer for 10 minutes in order to
cool down the silicone and accelerate the hardening process. The specimen was taken out for an
additional 10 minutes at room temperature until the silicone was fully hardened. The silicone
98

mold was then removed from the proximal tibia and the weight of the silicone mold was
precisely measured using a Mettler Toledo AG245 analytical balance precise to 0.1 mg (refer to
figure 5.9).

Figure 5.9. Volumetric measurement of bone defect after removal of primary TKA.
Illustration of sawbones used during preliminary testing.
The density (g/mL or g/cm3) of the substance was used to calculate the volume of the
silicone mold (bone defect) by dividing the weight measurement by the density. Additionally,
the silicone mold was then fully submerged in a measuring cup full of water in order to
calculate the water displacement caused by the silicone mold. This value was compared to the
previous volumetric measurement.

5.2.3.4

Biomechanical testing protocol

A three-stage eccentric loading protocol was used to test the implants. Throughout the
loading protocol, a physiologic or eccentric load representing in-vivo loading conditions was
applied to the specimen using the AMTI VIVO joint motion simulator. On the coronal plane,
this consisted of a 70% medial and 30% lateral load (Egloff et al., 2012; Mann et al., 2014;
Peters et al., 2001). On the sagittal plane, the load was applied in the middle of the implant in
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line with the longitudinal axis of the diaphysis of the tibia. The load was applied straight
vertically with no transverse or rotational component. The three stages of loading are listed
below:

1. Pre-cycle loading (static):
a. A static eccentric (70% medial/ 30% lateral) load of 2100 N was applied to the implant.
This load was applied for 15 minutes. After two minutes, micromotion was measured
with the optical system. It took on average 10 minutes to complete all micromotion
measurements. Marker position measurements were also taken before (pre-load) and
after (post-load) loading as a reference to calculate micromotion by comparing implant
position during unloaded and loaded conditions. The pre-cycle loading stage is
designed to “condition” the specimen and is a reference to see the effects on cyclic
loading on the fixation-stability of the implants.
2. Cyclic loading:
a. The implants were then subjected to a cyclic eccentric (70% medial/ 30% lateral) load
of 700 N, representing 1 body weight (BW), for 5×103 loading cycles at 2 Hz. No
micromotion measurements were done during this stage. Cyclic loading lasted for 42
minutes. This stage is designed to simulate day-to-day loading (walking) by repeating a
cyclic load and attempt to loosen the implants.
3. Post-cycle loading (static):
a. The loading conditions for the third stage are the same as the first stage. A static
eccentric (70% medial/ 30% lateral) load of 2100 N was applied to the implant. This
load was also applied for 15 minutes. After two minutes, micromotion was measured
with the optical system. Marker position measurements were also taken before (preload) and after (post-load) loading.
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Figure 5.10. Anterior and lateral pictures of tibial component loading with the AMTI
VIVO machine. Notice that the implant was loaded approximately 70% medial (medial
third) (left) and in line with the tibial shaft (right).

5.2.4

Surgical techniques

5.2.4.1

Primary TKA technique

A fully cemented stem technique was used for the primary TKA. After the specimens
have been thawed overnight and skeletonized, a primary total knee arthroplasty was performed
on the proximal tibia. The tibia was placed on a vertical intramedullary rod that was secured to
the table. The rod was placed inside the intramedullary canal of the tibia (5cm). The vertical
axis now represented the anatomic axis of the tibia. An extramedullary tibial guide (Stryker
Triathlon knee system) was placed on the tibia. The tibial slope was set at 0 degrees. The
proximal tibia cutting jig was adjusted with a lobster claw or angel wing caliper to ensure that
the proximal tibia cut took as little bone as possible. Three pins were placed in the proximal
tibia cutting jig once it was aligned with the vertical axis or anatomic axis of the tibia. The
proximal tibia was cut by an oscillating saw. The cut was perpendicular to the anatomic axis. A
circular bubble level was placed on top of the tibial plateau to make sure the cut was neutral
anterior-posteriorly and medial-laterally. The distal tibial cut was then made 18 cm from the
proximal tibial cut using a ruler and oscillating saw. The tibia was removed from the
101

intramedullary stand. The tibia was then placed in custom fixtures ensuring that the proximal
tibial cut remains neutral. Once the dental cement from the custom fixtures was fully hardened
the primary TKA resumed.
The tibia was then sized by placing a tibial component sizing jig (Universal tibial
template) on the tibia. The sizing jig was aligned relative to the tibial tubercle and secured in
place by two pins. The appropriate keel punch guide was then placed on the sizing jig. A keel
punch was hammered into the proximal tibia using a mallet. The boss reamer was used to ream
the intramedullary canal at the depth of the keel of the primary implant. The headless 3” pins,
keep punch guide and tibial component sizing jib were removed. The polymethylmethacrylate
(PMMA) bone cement (Surgical Simplex P, Stryker Howmedica Osteonics Corp, Rutherford,
NJ) was stored and prepared in a controlled environment. Simplex P cement was used for its
medium viscosity, higher bone intrusion depth and lower or plastic deformation in comparison
to other bone cements (Jeffers et al., 2005; Stryker, 2017). The cement was manually mixed
without the use of a vacuum mixing device. Around 4 minutes was given for the cement to have
a doughy, workable state. The tibial component was composed of a 1.5cm stem screwed onto a
tibial tray. The cement was applied to the undersurface of the tibial component, the tibial bone
surface (layered application technique) to achieve adequate penetration depths of the trabecular
bone (Vanlommel et al., 2011). A constant pressure was applied, maintaining a neutral
component alignment, until the cement was hard. The markers were placed for micromotion
measurements and the specimen was transferred to the VIVO machine. Refer to figure 5.11 for
an illustration of the TKA instrumentation.
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Tibial Extractor

Bone defect

Osteotome

Keel punch guide

Proximal tibial cutting jig

Universal tibial templates

Keel punch

Tibial alignment guide

Figure 5.11. Primary and revision total knee arthroplasty instrumentation

5.2.4.2

Revision TKA technique

The primary TKA was explanted using a combination of a fine oscillating saw,
osteotomes, a mallet and the Tibial Impactor/Extractor. First, the oscillating saw was used to
remove the underlying cement under the tibial baseplate. Osteotomes were used to remove
additional cement under the tibial baseplate. The Tibial Impactor/ Extractor was then connected
to the top of the tibial baseplate and the baseplate was removed. All excess cement was
removed with a fine osteotome and rongeur.

5.2.4.2.1

Fully cemented revision stem (control)

For the fully cemented revision stem technique, the tibial component sizing jig was
aligned with the medial third of the tibial tubercle and secured in place to the tibia using
headless pins. The keel punch guide was attached and the boss reamer was used to ream the
tibia’s intramedullary canal using power. The tibia was reamed to accommodate a 5 cm revision
stem. The simplex P cement was then used in a similar fashion to the primary TKA. It was
applied in a layered technique and the bone defect was filled with cement. The baseplate was
impacted with a mallet and tibial impactor. A constant pressure was applied, maintaining a
neutral component alignment, until the cement was hard. The markers were placed for
micromotion measurements and the specimen was transferred to the VIVO machine. After
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testing, the revision implant was removed with an oscillating saw, osteotomes and the tibial
impactor/ extractor.
Table fixation

Rotary Burr

Wood Files

Broach handle

Broach

Figure 5.12. Tools used for shaping and insertion of 3D printed revision tibial augment

5.2.4.2.2

3D printed titanium augment (experimental)

For the 3D printed augment with hybrid fixation technique, the tibial component sizing
jig was aligned with the medial third of the tibial tubercle and secured in place to the tibia using
headless pins. The keel punch guide was attached and the boss reamer was used to ream the
tibia’s intramedullary canal using power. The tibia was reamed to accommodate a 5 cm revision
stem. A rotary burr was used to remove the bone and make space for the 3D printed augment.
Broaches were built with smaller 3D printed augments. Serial broaching of the tibia was
performed until a perfect fit was achieved for the definitive implant. Wood files were used for
fine-tuning of the space created for the implant. The volume of the cavity created for the 3D
printed implant was measured using silicone molding. The 3D printed augment was inserted
and impacted with a mallet and impactor. The Simplex P bone cement was prepared in the same
fashion as previously explained for primary TKA. The cement was inserted into the reamed
tibial intramedullary canal and the augment. The revision tibial baseplate with the 5 cm stem
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was inserted into the 3D printed augment. The baseplate was impacted with a mallet and
impactor.

Constant pressure was sustained on the baseplate until the cement was fully

hardened. The markers wereExperim
placed ental
for micromotion
Control measurements and the specimen was
transferred to the VIVO machine. After testing, the revision implant was removed with an

Primary TKA

oscillating saw, osteotomes and the tibial impactor/ extractor.

à

EXPERIMENTAL

CONTROL

+

+
à

Hybrid fixation
Hybrid
fixation

(distal
cemented stem + 3D printed
(Distal cemented stem + 3D printed
augment)
augment)

Fullycemented
cemented stem
stem
Fully

Revision TKA

5.3
Figure Results
5.13. Schematic representation of components for revision TKA using the
novel 3D printed augment (Left) and fully cemented stems (Right)

Twenty-two cadaveric proximal tibias underwent primary and revision total knee
arthroplasty. The cadaveric specimens’ demographic data is shown in table 5.1 (refer to Table
5.1). The demographic data of the experimental group and the control group were identical
since they were both taken from the same cadaver. There were 6 right and 5 left tibias used in
the experimental group. The average age of the cadavers was 69 years. The mean height was
140 cm and the mean body mass index (BMI) was 21.2 kg/m2.
Table 5.1. Eleven fresh-frozen cadaveric pairs of tibias (22 tibias) used for biomechanical
testing.
Cadaveric

Age

Sex

Height

Weight

BMI
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Size of

Size of 3D

Side of 3D

Specimen
Number
1
2
3
4
5
6
7
8
9
10
11

(years)
79
76
66
89
89
57
67
64
46
69
59

M
M
F
F
F
M
M
M
M
F
F

(inches)

(lbs)

(kg/m2)

72
73
62
62
63
73
71
66
70
61
67

180
160
130
134
70
140
152
140
165
109
126

24.4
21.5
23.8
24.5
12.4
18.5
21.2
22.6
23.7
20.6
19.7

primary tibial
baseplate
5
6
3
3
6
5
6
4
5
3
4

printed
augment
2
4
1
1
3
2
3
2
2
1
2

printed
augment
Left
Left
Right
Right
Left
Left
Right
Left
Right
Right
Right

*Male (M) and Female (F) specimens.

5.3.1

Comparison of specimens prior to rTKA

5.3.1.1

Vertical Micromotion of pTKA

First, we compared the axial or vertical micromotion. The primary TKA mean postcycle vertical micromotion was 31.7μm ± 24.4μm in the control group and 38.6μm ± 37.6μm in
the experimental group. There was no significant difference in post-cycle vertical micromotion
between the two groups (p= 0.38).
The primary TKA mean pre-cycle vertical micromotion was 34.5μm ± 24.6μm in the
control group and 44.7μm ± 41.8μm in the experimental group. There was no significant
difference between pre-cycle and post-cycle micromotion in the control or experimental pTKAs
(Primary control: p=0.56, Primary experimental: p=0.40).

5.3.1.2

Transverse Micromotion of pTKA

The primary TKA mean post-cycle horizontal or transverse micromotion was 58.5μm ±
89.5μm in the control group and 42.9μm ± 42.7μm in the experimental group. There was no
significant difference in post-cycle transverse micromotion between the two groups (p= 0.54).
The primary TKA mean pre-cycle transverse micromotion was 52.8μm ± 62.2μm in the
control group and 55.2μm ± 52.3μm in the experimental group. There was no significant
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difference between pre-cycle and post-cycle micromotion in the control or experimental pTKAs
(Primary control: p=0.81, Primary experimental: p=0.95).

5.3.1.3

Bone defect after pTKA removal

The first volumetric measurement of a proximal tibial bone defect after the explantation
of the pTKA served as a trial to assess the precision and repeatability of the silicone molding
technique. The volume of the bone defect after removal of the pTKA was measured 5 times.
The mean and standard deviation was 23.8 cm3 ± 1.1 cm3. The coefficient of variation or
relative standard deviation was 4.5%. The data was normally distributed. The null hypothesis
for the Shapiro-Wilk test was accepted. The average bone loss encountered prior to revision
surgery was 31.3 cm3 ± 4.5 cm3 in the control group and 29.4 cm3 ± 4.2 cm3 in the experimental
group. There were no significant differences in bone defects between the two groups (p= 0.16).

5.3.2

Comparison of specimens after revision TKA

5.3.2.1

Vertical Micromotion of rTKA

The revision TKA mean post-cycle vertical micromotion was 28.1μm ± 20.3μm in the
control group and 17.5μm ± 18.7μm in the experimental group. The post-cycle vertical
micromotion was significantly lower in the experimental group (p=0.009).
The revision TKA mean pre-cycle vertical micromotion was 32.1μm ± 23.4μm in the
control group and 22.5μm ± 23.5μm in the experimental group. The vertical micromotion prior
to cyclic loading was also significantly lower in the experimental group (p=0.04).
There was no significant difference between pre-cycle and post-cycle micromotion in
the control or experimental rTKAs (Revision control: p=0.52, Revision experimental: p=0.33).
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Figure 5.14. Bone-implant vertical micromotion during post-cycle loading of primary and
revision TKAs. Error bars represent standard error.
Interestingly, the revision TKA with the 3D printed titanium augment outperformed the
primary TKA. The experimental revision TKA had a significantly lower vertical micromotion
in comparison to the pTKA (p=0.007).

5.3.2.2

Transverse Micromotion of rTKA

The revision TKA mean post-cycle transverse micromotion was 42.9μm ± 42.7μm in
the control group and 48.1μm ± 37.44μm in the experimental group. There were no significant
differences between the control and experimental group in terms of post-cycle transverse
micromotion (p= 0.38).
The revision TKA mean pre-cycle transverse micromotion was 55.4μm ± 63.8μm in the
control group and 45.8μm ± 52.6μm in the experimental group. There were no significant
differences in micromotion between the control and experimental group during pre-cyclic
loading (p=0.18). There were also no significant differences between pre-cycle and post-cycle
data in both the control and experimental group (Revision control: p=0.46, Revision
experimental: p=0.26).
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Figure 5.15. Bone-implant transverse micromotion during post-cycle loading of primary
and revision TKAs. Error bars represent standard error.

5.3.2.3

Bone defect after rTKA removal and time to explantation

Once testing was completed, the bone defect was assessed after the removal of the
revision implants. The mean bone defect after removing the fully cemented stem (46.3 cm 3 ±
6.5 cm3) was significantly lower than the mean bone defect after removing the 3D printed
augment revision (55.5 cm3 ± 7.1 cm3) with a p-value of 0.009. Furthermore, there were no
significant differences (p=0.06) in the rTKA explantation time. The mean explantation time was
20.7 minutes ± 8 minutes for the control group and 34.4 minutes ± 16 minutes in the
experimental group.
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Figure 5.16. Volume of the proximal tibial bone defect after explantation of the primary and
revision TKAs. Error bars represent standard error.

5.3.2.4

Direction of the micromotion in rTKA

The vertical and transverse micromotion was subdivided into the micromotion
experienced at specific locations of the implant, based on where the markers were placed and
where micromotion was measured: Medial, Anterior, Posterolateral. A summary of the location
specific micromotion experienced by the revision TKA is displayed in table and schematic
format (refer to Table 5.2 and 5.3, and Figure 5.17).
Table 5.2. Vertical micromotion (Post-cycle)
Location Primary Control
Mean
SD
(μm)
(μm)

Primary Exp.
Mean
SD
(μm)
(μm)

Revision Control
Mean
SD
(μm)
(μm)

Revision Exp.
Mean
SD
(μm)
(μm)

Medial
Anterior
PostLat

38.6
59.5
14.7

32.6
32.5
4.1

10.9
20.8
6.9

38.5
41.0
7.9

± 33.0
± 15.9
± 17.8

± 39.7
± 43.7
± 12.6

± 24.4
± 23.4
± 21.6

± 31.9
± 20.0
±7.2

* Note: positive values represent inferior motion (axial compression). SD: Standard deviation
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Table 5.3. Transverse micromotion (Post-cycle)
Location Primary Control
Mean
SD
(μm)
(μm)

Primary Exp.
Mean
SD
(μm)
(μm)

Revision Control
Mean
SD
(μm)
(μm)

Revision Exp.
Mean
SD
(μm)
(μm)

Medial
Anterior
PostLat

40.5
1.65
-12.8

-34.9
-13.1
-13.2

-6.3
-12.4
-17.1

42.0
1.4
56.3

± 98.5
± 61.0
± 134.5

± 142.4
± 55.8
± 47.0

± 64.3
± 47.8
± 61.3

± 75.1
± 59.6
± 48.6

* Note: positive values represent medial translation for the anterior marker/location and anterior
translation for the medial and posterolateral marker/location. SD: Standard deviation

Figure 5.17. Schematic representation of the magnitude and vector of the micromotion
experienced by the TKA under loading conditions. Top: Experimental group (BLUE) with the 3D
printed augment, Bottom: Control group (YELLOW) with the fully cemented revision stem. The red
arrows are to scale (20:1).
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5.4

Discussion
The present study was the initial testing of a new 3D printed titanium augment with an

anatomic shape designed to fit into the proximal tibia during revision TKA surgery. The first
step was to test it in a cadaveric model with AORI type 1 bone defects. These defects are
present with the iatrogenic bone loss encountered when explanting the primary TKA.
Therefore, the standard of care for AORI type 1 bone defect reconstruction, a fully cement
revision stem, was used as a comparison for the 3D printed titanium augment (Daines &
Dennis, 2012; Haidukewych et al., 2011; Panegrossi et al., 2014; Whittaker et al., 2008).
Cemented stems provide immediate fixation; however, they can be challenging to remove and
may increase stress shielding of the metaphyseal bone (Sheth et al., 2017). Cement also has
been shown to deform and degrade over time, resulting in debris, infection and implant
loosening (Efe et al., 2011). Nevertheless, the immediate fixation acquired by cement fixation is
a clear advantage during cadaveric testing. The experimental group with the novel cementless
3D printed augment used hybrid fixation. In the cadaveric model, the hybrid fixation was made
up of the press-fit fixation of the 3D printed augment and the cement fixation of the distal
aspect of the revision stem. In an in-vivo model, we would expect biologic fixation of the 3D
augment creating additional long-term fixation of the revision implant.
Higher bone-implant micromotion has been associated with implant failure and revision
surgery. Ryd et al. found that implants that show continuous migration (> 200μm) between 1
and 2 years after surgery are considered being at a higher risk for future aseptic loosening
(Jensen et al., 2012; Ryd et al., 1995). Hence, we tested the micromotion of both the
conventional fully cemented stem and the 3D printed augment revision implant under loading
conditions as a predictor of fixation-stability and a measure of implant survivorship. A
significantly lower vertical micromotion was seen in the experimental group with the use of the
3D printed augment (p=0.009). The vertical micromotion of the 3D printed augment was
17.5μm ± 18.7μm compared to 28.3μm ± 20.3μm in the control. There were no significant
differences in transverse micromotion between the experimental (48.1μm ± 37.44μm) and
control (42.9μm ± 42.7μm) group (p=0.38).
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Interestingly, the experimental revision TKA with the 3D printed augment had
significantly less overall vertical micromotion in comparison to the primary TKA (p=0.007).
The largest difference was the significantly higher micromotion of the anterior aspect of the
pTKA (p=0.02). The 3D printed augment group was also seen to be rotationally stable with
similar transverse micromotions seen at the posterolateral and anterior aspects of the impact.
Conversely, the primary TKA was not rotationally stable. The 3D printed implant’s lower
micromotion and better fixation-stability is based on its press-fit fixation without the help of
bony ingrowth that would be present in an in-vivo model. Its superior fixation-stability is
attributable to a multitude of factors.
Previous studies showed that 3D printed implants have inherent advantages. Additive
manufacturing can create an implant with a highly organized microstructure with a uniform
porosity making it resistant to compressive forces. The custom porosity and microstructure is
also tapered to match the host bone’s stiffness. By having a lower stiffness mismatch, the
implant evenly transfers the surrounding stresses to the bone, decreasing stress shielding and
preventing future bone loss that would result in implant subsidence (Fan et al., 2015; Hsu &
Ellington, 2015; Xu et al., 2016). Additionally, the anatomic shape matches the shape of the
proximal tibial bone; therefore, producing a better fit and increases the bone-implant contact
area, which decreases stress shielding as well as stress risers that would be at risk for
periprosthetic fractures (D. Kim et al., 2017). Note that some studies quote that stress shielding
is due to the mismatch in elastic moduli (Young’s modulus) between the host bone and the
implant (Barrack et al., 2004; Kimpton et al., 2013; Morgan-Jones et al., 2015). The elastic
modulus is a material property. The combination of the elastic modulus and the structure of the
object (shape, porosity, etc.) determine the object’s overall stiffness. To clarify, stress shielding
is actually the mismatch in stiffness of the host bone and the implant. Furthermore, unlike
cones, which are known for tissue irritation (Haidukewych et al., 2011), the anatomic 3D
printed implant avoids this by having a lower profile or less prominent shape (E.-K. Park et al.,
2016). It also eliminates the need for bone graft by replacing the bone defect found in revision
surgery.
Another key feature that might explain why the implant might achieve better fixation is
its capability for cementless biologic fixation in vivo, which could not be testing due to the
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cadaveric nature of this study. While cementless biologic fixation has the advantage of better
long-term fixation, osseointegration needs to occur first for this to happen. In the earlier
literature, cementless TKA had higher earlier failure rates secondary to aseptic loosening
(Fehring & Griffin, 1998). This can be explained by insufficient early fixation-stability of the
implant leading to elevated bone-implant micromotion above the 50μm osseointegrative
threshold (Chong et al., 2010; Jasty et al., 1997; Udofia et al., 2007). Thus, bony ingrowth does
not occur and a weak fibrous union is established at the bone-implant interface. In the current
study, we have established that the early fixation-stability created by the hybrid fixation (distal
cement and proximal press-fit) of the novel 3D printed implant is well within the
osseointegration threshold of 50μm. Therefore, the early fixation-stability is adequate to prevent
early loosening and ensure bony ingrowth and thus ensures long-term fixation. Achieving
proper bony integration in cementless implants is crucial especially in obese patients. In obese
patients, cementless fixation has demonstrated to have better post-surgical outcomes and
significantly less revisions in comparison to cemented TKAs (Bagsby et al., 2016).
During the study, the bone defect after removal of the revision TKAs using cement
filling versus the novel 3D printed augment, were significantly different (p=0.009). The
experimental group (55.5 cm3 ± 7.1 cm3) had a larger bone defect compared to the control (46.3
cm3 ± 6.5 cm3). However, the fact that the implant sits closer to the cortical bone has its
advantages. The fit is tighter and the proximity of the cortical bone results in less bone
deformation that you would see in trabecular bone since cortical bone is stiffer and stronger.
The higher bone-implant contact achieved with the anatomic shape also enhances its potential
for bony ingrowth. It increases the surface area where bony ingrowth can occur and distributes
the stresses (reverse of stress shielding) and stimulating bone growth and remodeling (Shinya et
al., 2011). Studies have also shown that maximal bone ingrowth usually occurs along surfaces
that are relatively close to cortical bone; therefore, by having a implant occupy a larger space
and be closer to the cortical bone, while maintaining the more metabolically active surrounding
trabecular bone is advantageous to ensure good bony ingrowth (Bauer & Schils, 1999; Franchi
et al., 2005).
During testing, the tibial components of the primary TKA were fully cemented into the
proximal tibia. Two techniques exist for cementing the tibial tray. The tibial component can be
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cemented by applying cement to the cut bony surface perpendicular to the axis of the tibia
horizontally (only the baseplate) or it can be fully cemented (including the keel). Efe et al.
demonstrated that both cementing techniques had similar degrees of bone loss (Efe et al., 2011).
Therefore, the bone loss experienced during testing of this study is valid for both cementing
techniques.
Furthermore, the fully cemented tibial component was used in this experiment since
Sharkey et al. reported a significantly higher loosening rate of 10.5% of surface cemented
components in comparison to fully cemented stems. This is controversial since some studies
showed higher loosening rate and some proved that the loosening rate is equivalent granted that
the cement mantle or cement penetration under the tibial tray is at least 3mm (Bert & Mcshane,
1998; Cawley, Kelly, Simpkin, Shannon, & McGarry, 2012; Schlegel et al., 2014; Vanlommel
et al., 2011).

5.4.1

Limitations of the study
Earlier in the study, the 3D printed titanium augment was loaded on its own in the host

bone prior to cementing the tibial tray in order to determine the press-fit fixation achieved by
the augment by itself. The augment was loaded with 1400N (2BW) for 5 minutes. Micromotion
was measured with the FARO arm, which was deemed inaccurate; therefore, the data was not
presented in this study. Unfortunately, two tibias sustained fractures at the medial border of the
medial tibial plateau. One fractured during the insertion of the augment and the specimen had a
revision TKA with no fracture fixation. The other fractured during the loading of the augment
by itself and went on to have osteosynthesis of the fracture with two custom made aluminum
plates and screws prior to revision TKA. This could have affected the results by compromising
the fixation-stability of the experimental revision TKA.
Therefore, the significantly lower micromotion seen with the 3D printed titanium
augment could actually be even lower if there had not been fractures. Nevertheless, this shows
that porous/3D printed revision augments have a risk of intraoperative fractures, which has been
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quoted by other papers studying proximal tibial cementless press fit implants (Alexander et al.,
2013; Barnett et al., 2014).

Figure 5.18. Photographs of the proximal tibial fracture during isolated augment loading
(left) and resultant open reduction internal fixation.
A limitation of the study was the markers used for the optical system. A dot of
fluorescent pain was placed on the bone and on the implant. The fact that the marker dots were
not perfect circles affected the accuracy of the centroid calculation by the software. Therefore,
this could have affected the precision and accuracy of the measurements. This could explain the
large variation or standard deviations seen in the results. Similarly, the bone’s plastic or elastic
deformation during loading can deform the marker and again affect the accuracy of the centroid
calculation. Another limitation is the fact that the actual bone-implant contact was not
measured. Further studies would be needed to evaluate this.
This study was the first study to test the novel 3D printed tibial augment. We opted to
test the 3D printed augment in an AORI type 1 contained tibial metaphyseal defect.
Nevertheless, theoretically, the augment would be of greater benefit if it was tested in AORI
type 2 and 3 defects with uncontained metaphyseal bone defects. Therefore, this study might
not be reflective of the true advantage of using the 3D printed augment during revision total
knee arthroplasty.
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5.5

Conclusions
This study suggests that early fixation stability of revision TKA with the novel 3D

printed titanium augment is significantly better then the conventional fully cemented rTKA.
The early press-fit fixation of the augment is likely sufficient for promoting bony ingrowth of
the augment in vivo. Further studies are needed to investigate the long-term in-vivo fixation of
the novel 3D printed augment.

5.6
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CHAPTER

6

6

Conclusion

Overview: This chapter summarizes the main findings of the thesis and suggests future research
that can be done related to this field of study.

6.1

Conclusion

In conclusion, the FARO Gage arm was compared to the digital image correlation
system, the standard in bone-implant micromotion measurement tools. The FARO Gage arm
had a low degree of correlation with the DIC and lacked accuracy and thus was not an adequate
measurement system for bone-implant micromotion.
Primary TKA micromotion was examined and significantly greater implant subsidence
was seen in the anterior and medial regions of the bone-implant interface.
Furthermore, the early fixation-stability of revision TKA with the novel 3D printed
titanium augment is significantly better than the conventional fully cemented rTKA. The hybrid
fixation achieved by the combination of the distal cemented stem and the press-fit of the
porous/3D printed augment produced significantly less micromotion than the fully cemented
rTKA stem. The early press-fit fixation of the augment is likely sufficient for promoting bony
ingrowth of the augment in vivo.

6.2

Future Directions

Further research is needed to analyze, in detail, the magnitude and direction of boneimplant micromotion in other types of primary TKAs. This data would be helpful to see if there
are pTKA implants that experience less micromotion and/or whether a common motion
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tendency is experiences in all pTKA implants, which could be used as key information for
improvements in pTKA design.
The next step in testing the novel 3D printed titanium revision augment would be to
evaluate the early fixation-stability it can achieve with larger bone defects such as AORI II’s
and AORI III’s. Future studies will also have to examine its osseointegrative capabilities in
vivo and eventually determine if its long-term in vivo fixation is superior to the current standard
of care.
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OR "orthopaedic surgery"

surgery

S13(MH "Surgery,
Plastic") OR "plastic
surgery"

plastic surgery

S14(MH "Neurosurgery")

maxillofacial

OR "neurosurgery"

surgery

16

articulation.mp.

17

articulation.mp.

h"))

S1 OR S2 OR S3

neurosurgery

Orthopedics/ or
Orthopedics/ or Arthroplasty,

Arthroplasty, Replacement,

Replacement, Hip/ or orthopaedic

Hip/ or orthopaedic

surgery.mp. or Orthopedic

surgery.mp. or Orthopedic

Procedures/

Procedures/

S4 OR S5 OR S6 OR S7

#1 or #2

18

S8 OR S9 OR S10 OR
S11 OR S12 OR S13 OR

19

plastic surgery.mp. or Surgery,

plastic surgery.mp. or

S14 OR S15 OR S16 OR

#3 or #4 or #5

Plastic/

Surgery, Plastic/

S17

or #6

reconstructive surgery.mp. or

reconstructive surgery.mp.

Reconstructive Surgical

or Reconstructive Surgical

S18 AND S19 AND

#7 or #8 or #9

Procedures/

Procedures/

or #10

20

S1"3d printing" OR (MH
joint replacement.mp. or

joint replacement.mp. or

"Printing, Three-

Arthroplasty, Replacement/

Arthroplasty, Replacement/

Dimensional")

Surgery, Oral/ or

S2(MH "Printing, Three-

Surgery, Oral/ or oromaxillofacial

oromaxillofacial

Dimensional") OR

#12 or #13 or

surgery.mp.

surgery.mp.

"additive manufacturing"

14 or #15

Oral Surgical Procedures/ or dental

Oral Surgical Procedures/

surgery.mp.

or dental surgery.mp.

21

22

23

Neurosurgical Procedures/
Neurosurgical Procedures/ or

or cranial surgery.mp. or

cranial surgery.mp. or Skull/

Skull/

24

25

neurosurgery.mp. or
neurosurgery.mp. or Neurosurgery/

Neurosurgery/

otorhinolaryngology.mp. or

otorhinolaryngology.mp. or

Otolaryngology/

Otolaryngology/

26

ear nose throat surgery.mp.
ear nose throat surgery.mp. or

or Otorhinolaryngologic

Otorhinolaryngologic Diseases/ or

Diseases/ or

Otorhinolaryngologic Surgical

Otorhinolaryngologic

Procedures/

Surgical Procedures/

27

ENT.mp.

ENT.mp.

28

Spinal Diseases/ or spine

Spinal Diseases/ or spine

surgery.mp.

surgery.mp.

29

surgery/ or surgery.mp.

surgery/ or surgery.mp.

30

1 or 2 or 3 or 4 or 5 or 6

1 or 2 or 3 or 4 or 5 or 6

31

7 or 8 or 9 or 10 or 11

7 or 8 or 9 or 10 or 11

32

12 or 13 or 14 or 15

12 or 13 or 14 or 15

33

28 and 31

28 and 31
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#18 and #11

#19 or #20

34

16 or 17 or 18 or 19 or 20 or 21 or

16 or 17 or 18 or 19 or 20

22 or 23 or 24 or 25 or 26 or 27 or

or 21 or 22 or 23 or 24 or

32

25 or 26 or 27 or 32
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Appendix 3. Chapter 2 Article Summary
Table 3.1 Summary of spine articles
Authors

Indication for Surgical Procedure

Surgical Outcomes
–

Li et al.

Reconstruction of bone defects
(Excision of C2-4 Papillary thyroid
carcinoma)

Xu et al.

Reconstruction of bone defects
(Excision of C2 Ewing sarcoma)

Phan et al.

Decompression and fusion of nerve
impingement (C1-C2 spinal fusion)

Mobbs et al. Reconstruction of bone defects
(Excision of C1-2 chordoma/ lumbar
congenital spinal defect, L5
hemivertebra)

–

11/17 on the Japanese Orthopedic
Association scale
none
X-rays and CT revealed no implant
displacement or subsidence at the 12month follow-up

–
–

Walking on postoperative day 7
Normal neurovascular exam

–

Significant reduction in occipital
neuralgia and sub-occipital pain
none
Reduced operative time in comparison
to standard decompression/fusion

–
–
–
–

–
Kim et al.

Reconstruction of bone defects
(Excision of sacral osteosarcoma hemisacrectomy)

–
–
–
–

Wei et al.

Reconstruction of bone defects
(Excision of sacral chordoma – en
bloc sacrectomy)

Complications

–
–

none

Successful C1-2 fusion
Facilitated the surgery and shortened none
the procedure time,
Eliminates the need for rib or fibular
grafts (less complication/ pain)
Postoperative pain was minimal and
the patient recovered sufficiently
Walking at 2 weeks postoperatively.
CT at 1-year follow-up showed
excellent bony fusion
No rectal sphincter tone loss

Expected foot
drop (part of
excision)

CT showed some new bone formation
around the prosthesis–ilium interface Two fractured
Spinopelvic joint stable
screws in
Osseointegration achieved
bilateral ilia, no
functional
effect

Table 3.2. Summary of pelvis/hip articles
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Authors

Indication for Surgical Procedure

Surgical Outcomes
–

Liang et al.

Reconstruction of bone defects
(Excision of pelvic tumour, 11
osteosarcoma, 9 chondrosarcoma, 6
Ewing sarcoma, 9 other)

–
–
–

Li et al.

Reconstruction of bone defects
(Massive acetabular bone defects
during revision THA)

–
–
–

Wong et al.

Reconstruction of bone defects
(Excision of left pelvis
chondrosarcoma - partial acetabular
resection)

Chen et al.

Reconstruction of bone defects
(Excision of right pelvis sarcoma)

–
–

–

Complications

Mean Musculoskeletal Tumour
Society 93 (MSTS-93) score was
22.7 (20 to 25) for patients with iliac
prosthesis
MSTS-93 of 19.8 (15 to 26) for
those with a standard prosthesis
MSTS-93 of 17.7 (9 to 25) for those
with a screwrod connected
prosthesis
Mean Harris hip score improved
from 36 +/- 8 to 82 +/- 18 (p<
0.001).
Reliable restoration of the hip
center.
No re-revisions
None of the cups showed
radiographic migration, but one cage
was believed to be loose, based on a
circumferential 2-mm radiolucent
line.
Precise tumor margin excision
Adequate reduction in stress
shielding (FEA)

–

Increased precision of the tumor
resection and implant installation
with the use of navigation

–

–

–

–
–

–

7 delayed
wound healing
2 hip
dislocations

1 deep
infection and 1
superficial
infection
1 hip
dislocation
1 suspected
injury of the
superior gluteal
nerve (large
exposure)
2 months to
plan, not
appropriate for
fast growing
tumors
none

Table 3.3. Summary of hand and uzper limbs articles
Authors
Fan et al.

Stoffelen et
al.

Indication for Surgical Procedure
–
Reconstruction of bone defects
(Excision of clavicle Ewing’s sarcoma,
scapular ES, pelvic chondrosarcoma) –
–
–
–
Reconstruction of bone defects (Total
–
shoulder replacement with severe
glenoid bone loss requiring revision
total shoulder replacement)

Surgical Outcomes

Complications

MSTS 93 scores were 93, 73, and 90 % in
patients with clavicle ES, scapular ES,
none
and pelvic CS
Satisfactory shoulder ROM
No recurrences of tumor
No limb length discrepancy, screw
loosening, implant breakage or joint
collapse
Constant score had improved to 51
points. (pre-op 37) at 2.5 year follow up. none
Shoulder Pain and Disability Index and
shortened Disabilities of the Arm,
Shoulder, and Hand score improved to
28% and 40.9

155

Table 3.4. Summary of foot and ankle articles
Authors
Hsu et al.

Smith et al.

Indication for Surgical Procedure

Surgical Outcomes

Complications

–
Reconstruction of bone defects (Limb
–
salvage with 3D Printed Titanium
–
Truss Cage and Tibiotalocalcaneal
Arthrodesis)

Stable alignment and ankle fusion
at 5 months
none
Minimal pain at 1 year follow up
Return to ADLs

–
Realignment
(Hallux
valgus/ MT primus varus with Fast
Forward procedure/ 3D printed low
–
profile tethering plate)

Comparable, and in some
instances superior, fatigue strength none
compared with traditional plate
manufacturing methods.
Hallux valgus angle and
Intermetarsal angle corrected
Pain free and walking unsupported
on bare feet.
none
American Orthopaedic Foot and
Ankle Society (AOFAS) Ankle–
Hindfoot Scale score of 82
Pain-free with a visual analog
score of 0 of 10 for pain.
none
Successful bone incorporation of
the talus, calcaneus, and 3 of 4
cortices of the tibia on CT

–
Reconstruction of bone defects (Total
–
calcanectomy and calcaneus
replacement for Right calcaneus
chondrosarcoma)
–
Hamid et al. Reconstruction of bone defects (Severe
–
bone defect from open distal intraarticular tibial fracture requiring
arthrodesis/ limb salvage)
Imanishi et
al.

Table 3.5. Summary of skull articles
Authors
Park et al.

Indication for Surgical Procedure

Surgical Outcomes
–

Good fixation of titanium implants
and satisfactory skull-shape symmetry Skin flap
on CT/ physical exam
infection

–

Normal jaw opening distance (40.0
mm)

Reconstruction of bone defects (Head
trauma with partial craniectomy)

Ackland et al. Joint replacement (TMJ Osteoarthritis)

–
Leiser et al.

Osteosynthesis (Maxillofacial trauma/
comminution of mandible)

Complications

–
–

none

Normal mouth opening of 40 mm and
complete anteroposterior and lateral none
mandibular movements
Good functional and aesthetic results.
Proper lower facial height was
achieved
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–
Hatamleh et Osteosynthesis (Maxillofacial trauma
al.
in childhood/ mandibular defect
requiring osteotomy and ORIF)

Shan et al.

–
Reconstruction of bone defects
–
(Excision of 2 mandibular
osteosarcoma, and 2 maxilla ossifying
fibroma)

Stoor et al.

Reconstruction of bone defects
(Excision of mandible due to
squamous cell carcinoma (10),
ameloblastoma (3) or drug induced
osteonecrosis (1))

Lee et al.

Reconstruction of bone defects
(Tumour removed during childhood)

The patient was pleased with his
improved appearance

none

Good reproducibility of procedure,
less then 2 mm deviation for maxilla none
1-mm-thick 3D printed individualized
titanium mesh was strong enough to
restore the zygomaticomaxillary
buttress

–

Obtained symmetry and continuity of
the mandibular border
Perforation of
lingual mucosa

–

Mandibular opening was 38 mm, and
the patient has had no problems with none
food consumption
Symmetrical face
3D printed mandible had adequate
strength that would withstand bite
force

–
–

Table 3.6. Summary of thorax articles
Authors
Wang et al.

Indication for Surgical Procedure

Surgical Outcomes

–
Reconstruction of bone defects
(Excision of non-small cell lung cancer
–
with rib defect)

Stable reconstruction, with
preservation of thoracic
morphology on CT
Excellent cosmetic results

–

Stable reconstruction, with
preservation of thoracic
morphology on CT
Excellent cosmetic results

Aranda et al. Reconstruction of bone defects
(Excision of para-sternal sarcoma/
liposarcoma)

–
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Complications
none

none
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